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Abstract 
In this work, the effect of stresses and the reservoir boundary conditions on the permeability 
anisotropy, mechanical properties and swelling/shrinkage of the coals will be examined. 
Permeability is the fundamental parameter to understanding and modelling the fluid flow in the 
porous coal, and thus crucial to estimating the commercial gas and water production from coal seam 
gas (CSG) reservoir. Although permeability is a primary parameter to determine the reservoir 
production, the fundamental research behind the permeability change during pressure drawdown is 
not extensively examined in context with reservoir stresses and boundaries which can directly affect 
the reservoir production estimates. This project provides a mean to understand permeability change 
in CSG reservoir by conducting experiments and modelling studies to relate coal permeability, 
mechanical properties and sorption behaviour to different reservoir stresses and boundary conditions. 
The first objective of this project was to manage the design, construct, and demonstrate a state of the 
art triaxial stress permeameter (TSP) to measure anisotropic-permeability and stress-strain on coal 
sample simultaneously. The TSP was designed to measure anisotropic permeability by rotating a 
40 mm cubic coal sample in orthogonal direction so that permeability can be measured in directions 
that align with face cleats, butt cleats, and bedding-plane of the coal. TSP is used in a series of 
experiments on coal sample UQ-B1 from the Surat Basin to determine in the modulus of elasticity 
(E) and cleat compressibility (Cf) of the coal sample UQ-B1 (Chapter 4), measure permeability using 
helium and methane gases (Chapter 5), and the effect of using either constant-stress (free swelling) 
or constant- volume boundary conditions on the observed relationship between net stresses and 
permeability changes (Chapter 5). 
Chapter 4 reports experiments in the TSP to determine the modulus of elasticity (E) and cleat 
compressibility (Cf) of coal sample UQ-B1 at effective stresses of 0.5 - 4.0 MPa. These experiments 
confirm that these coal properties are anisotropic and stress-dependent. The experimental data also 
shows that cleats become ‘softer’ as stress is reduced on the sample which can result in the 
permeability rise by increasing the cleat width. The calculated modulus of elasticity of the bulk coal 
was E1 = 4.35 GPa, E2 = 4.90 GPa and E3 = 7.06 GPa perpendicular to face cleat, butt cleat, and 
bedding-plane directions, respectively. The cleat compressibilities (Cf) calculated from the 
relationship of pore size to pore compressibility were Cf1=0.1102-0.0333MPa
-1 perpendicular to the 
face cleats and Cf2=0.0588-0.0251MPa
-1 perpendicular to butt cleats at effective stresses of 
σeff = 0.5 - 4.0 MPa.  
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The experiments in Chapter 5 test the shows that coal permeability only changes with effective stress 
and that different boundary conditions and matrix shrinkage only resolve the stresses on the coal 
sample differently. First, the Klinkenberg effect, or gas slippage effect, is shown to be negligible for 
coal UQ-B1 at measured stress and fluid pressure conditions by analysis of 116 permeability 
measurements made with helium under a constant-stress boundary condition. The permeability in the 
face cleat direction measured with methane in the free swelling experiments with decreased from 
2.28 mD to 1.52 mD for the effective stress from 3.7 MPa to 2.5 MPa. The constant-volume 
experiments using methane show the decrease in permeability (kface) from 1.45mD to 0.07mD, when 
the pore pressure (PP) is increased from 0.5 MPa to 2.0 MPa, due to increase in effective stress (σeff) 
to nearly 5.3MPa by restricting the pore pressure driven swelling of the coal sample. These 
experiments show that effective stress and pore-pressure are the main driving forces for the change 
in permeability using constant-stress and constant-volume boundary condition, respectively. 
Chapter 6 proposes an innovative cleat distribution model (CDM) based on the conclusions of the 
permeability-stress experiments detailed in Chapter 5 as a simple, economical and time effective 
method to estimate the anisotropic permeability of the coals. This method is based on the concept that 
if the pore volume distribution from mercury intrusion porosimetry (MIP) and stress-strain behaviour, 
that contributes toward Darcy’s flow, is known for a given coal sample then stress dependent 
permeability can be stochastically estimated by generating 10,000 random scenarios of cleat networks 
with the same cumulative pore volume. The predictions of CDM verified with the measured 
permeability data for constant-stress and constant-volume boundary conditions from Chapter 5. 
Unlike the Shi and Durucan (2005) and Palmer and Mansoori (1998) permeability models, the CDM 
modelling technique calculates the actual permeability (k) of the sample, not just the permeability 
ratio (k/k0). 
This study has provided valuable insight into the permeability of the coals by accounting the effect 
of stress and different reservoir boundary conditions. The permeability, modulus of elasticity and 
cleat compressibility results measured in this thesis can be used in reservoir simulator for permeability 
estimating. The CDM is a valuable contribution to this thesis that can be used independently to 
estimate the anisotropic stress-dependent permeability of the coals. 
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Chapter 1 The permeability of coal seam gas reservoir 
1.1 Research Problem 
Coal seam gas (CSG) or coal bed methane (CBM) is a form of natural gas that is released from an 
underground coal reservoir during pressure drawdown. The CSG reservoirs present in many 
countries, such as, United States of America (USA), Australia, Canada and China (Chakhmakhchev 
2007) and play an important role in the economic growth and energy demand. The history of CSG 
dates back to 1930s, but commercial production was started early 1980s in the USA. In Australia, the 
first successful commercial gas production was achieved in 1996 in the eastern part of the Bowen 
basin (Day 2009). More CSG projects in Queensland, Western Australia and Northern Territory 
increase the liquefied natural gas (LNG) export to 48% in 2015 compared to the previous year 
(APPEA 2016). In 2000, only 13 countries imported LNG from Australia and with new advancement 
export grows to 29 countries (IHS April 2016). Globally, Australia’s LNG export is expected to grow 
up to 400 mtpa (53.33 BCF/d), making it the largest LNG exporter by 2020 (Evans, et al. 2016). In 
Queensland, the total gas production (conventional gas + CSG, excluding LPG) for 2015–16 was 27 
335.03 Mm3 (965.29 bcf, 1023.78 PJ) with over 95% attributed to CSG, and total remaining proved 
and probable gas reserves (conventional gas + CSG, excluding LPG) as at 30 June 2016 were 1, 110, 
719.88 Mm3 (39, 223 bcf, 41, 599 PJ) with over 99% being CSG (DONRAM 2015–16). This statistic 
shows a promising future of CSG growth in Australia, especially in Queensland. 
Coal forms naturally during coalification of biomass (Seidle 2011) as a structured medium consisting 
of solid blocks of coal matter (matrix) surrounded by fractures (Purl, et al. 1991, Harpalani and Chen 
1995, Mavor and Gunter 2006). The naturally occurring fractures are aligned perpendicular to 
bedding plane and approximately orthogonal to each other, and generally termed face cleats and butt 
cleats. The face cleats are identified as a well-developed continuous fractures often at quite regular 
spacing and parallel to each other. On the other hand, butt cleats are partially developed fractures, 
terminating at a face cleat (King, et al. 1986, Su, et al. 2001). The cleat network is a unique feature 
of coal that also distinguishes CSG reservoirs from conventional gas reservoirs. 
In coal seam gas reservoirs the cleat network provides the major flow path for the gas by its high 
permeability compared to the coal matrix (Seidle and Huitt 1995). The cleat network may be 
overstamped by additional fractures arising from tectonic and geological events (Frodsham and Gayer 
1999), and these also contribute to overall permeability.  
The major portion of the gas is stored in coal matrix through adsorption in micropores at nearly liquid 
densities. These micropores provide a very large surface area, 30m2/gm to 300m2/gm (Patrick 1986, 
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Berkowitz 2012) for the gas to be adsorbed and make the coal matrix the prime source of gas 
(Patching 1970). Unlike conventional gas reservoirs, coal seams act as both source rock and reservoir 
(Clarkson and McGovern 2005). To initiate the desorption process, the reservoir pressure reduced 
below the desorption pressure thereby triggering primary gas production (Gray 1987). This reduction 
in a gas pressure increase the effective stress (external stress minus the pore pressure in the coal), and 
this tends to close the aperture of cleats and other fractures, which are rather weak. The result is a 
decrease in the permeability. During the gas pressure reduction, the release of methane molecules 
shrinks the size of the coal matrix. The shrinking process tends to open the cleats and fractures which 
in turn increases the permeability. Therefore the dynamics of the CSG reservoir permeability 
evolution during the gas production depend upon the comparative influence of these two competing 
mechanisms (Chen, et al. 2012). This is a distinctive feature of CSG reservoirs which differs from 
conventional gas reservoirs.  
The strain from mechanical and sorption changes in the coal affects transport paths through which 
the fluids in the coal move, i.e. the permeability of the CSG reservoir. As a further complication, the 
strain produce during the pressure drawn down is anisotropic in nature (Liu, et al. 2010), i.e. the 
magnitude of strain is different is all directions for a given set of conditions. The anisotropy of strain 
also produces anisotropic in the permeability of CSG reservoir. Therefore, in order to understand the 
anisotropic behaviour of permeability, it is import to investigate the parameters that influence strain.  
These parameters are mainly related to mechanical, and sorption behaviour of coal and can be 
anisotropic in nature. 
The reservoir boundary conditions also play significantly in the dynamics of permeability in coal 
seam as a reservoir. These boundary conditions are chiefly classified into constant stress, constant 
volume and uniaxial strain boundary condition. Each boundary condition resolve stresses differently 
on the coal which alters the dynamics of permeability in coal seam gas reservoir during the pressure 
drawdown.   
To estimate the anisotropic permeability of CSG reservoir, it is important to model all the processes 
and parameters that can affect it and integrate them all the anisotropic of parameters to gather into 
account. It enables us to identify the impact of an individual parameter on the anisotropic permeability 
of CSG reservoir. To quantify these parameters, one method is to measure the constitutive properties 
of a coal sample experimentally from CSG reservoir and provide the basic physical characteristics 
that required to model validity CSG reservoir. 
In this study, both experimental and modelling studies are performed to measure the anisotropic 
behaviour of coal permeability. A new experimental triaxial stress permeameter (TSP) was designed 
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to provide simultaneous measurements of permeability, stress and three-dimensional strain on a 
sample, and simulating constant stress and constant volume boundary condition. An anisotropic 
permeability model was then developed that incorporates the anisotropic effect of stress and sorption 
processes to estimate the permeability. Finally, the validation of modelling results with experimental 
data was accomplished. 
1.2 Objective of the Research 
It is well established that coal permeability responds to changes in the stress environment and also to 
adsorption induced swelling or shrinkage. What is less well appreciated is the extent to which the 
boundary conditions that are exerted on a coal sample during laboratory testing affect these 
permeability changes. Since permeability is one of the key parameters affecting well productivity and 
modelling, this is an important practical issue. 
The primary aim of this project is to provide a means to estimate the permeability of coal under 
different effective stress conditions. The effective stress is altered by a combination of externally 
imposed stresses, the internal pore pressure in the coal and the extent of swelling or shrinkage. These 
conditions may all vary to different degrees as a CSG field undergoes production. These effects, 
which are directional (i.e. anisotropic) are systematically examined at laboratory scale in this work. 
A second aim is to develop a simple method to predict the anisotropic permeability of coal that may 
be quickly and easily applied on small samples, providing an estimate of permeability and its 
(anisotropic) response to stress changes. The research project has proceeded through the following 
steps:  
1. Develop a methodology to measure the anisotropic permeability and stress-strain on the coal 
sample at various effective stress conditions by simulating the different reservoir boundary 
conditions, such as constant stress (free swelling) and constant volume boundaries. This 
methodology based on the design, manufacturing and commissioning of a Triaxial stress 
permeameter (TSP) that can apply controlled mechanical stress, and simultaneously measure 
permeability and deformation of the sample. This apparatus provides the ability to: 1) accept 
40 mm cubic coal samples, allowing permeability to be resolved in 3 orthogonal directions by 
rotating the sample in the permeameter; 2) apply independent stress in vertical (σz) and 
horizontal directions (σx and σy) up to 14.5 MPa; 3) measure mechanical strain in x, y and z 
directions independently. This apparatus can conduct permeability experiments by simulating 
different boundaries on the contained sample, namely constant stress (i.e. holding σx, σy, σz 
fixed, while varying other conditions such as pore pressure or swelling), or  constant volume 
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(i.e. holding he positions of the cube faces in a constant position while allowing the stresses 
or swelling to change), or combinations of these.  
2. Investigate the anisotropic stress-strain behaviour of the coal sample to determine the 
directional geomechanical properties of the bulk coal sample, and development of a method 
to estimate the cleat compressibility. This provides a direct measure of the elastic modulus 
that can be applied to the permeability measurements. The usual practice is to fit cleat 
compressibility (Cf) to permeability as a single value, but as will shown, later this is an 
incorrect simplification – the Elastic modulus for coal changes with stress. A measured 
modulus of elasticity provides a convenient method to extrapolate measured permeability 
under any stress condition to a full range of other stress conditions. 
3. Investigate the effect of stress on the permeability of the coal by simulating constant stress 
(free swelling) and constant volume boundary condition. This research objective develops the 
framework and experimental procedure to quantify the influence of effective stress, pore 
pressure, and swelling/shrinking concerning boundary condition. In the constant volume 
cases, for example, the reactionary stresses at the boundaries increase during swelling to 
maintain the positions of the boundaries. These key results help to relate the stress on the coal 
sample to deformation (strain) that are then further used to develop a permeability model. 
4. A method to estimate the dynamic anisotropic permeability of the coal by avoiding the 
traditional measurement using triaxial parameters or history matching exercises. This method 
would have the important feature that it involves only straightforward measurements, and it 
does not require lengthy and tedious core flooding experiments in the laboratory or multiple 
well field tests. Off-cut coal samples and even large drilling chips (provided they have 
reasonably representative cleating) would be suitable for these tests which could then provide 
initial input physical parameters for reservoir modelling. This method to predict anisotropic 
permeability of coal using Mercury intrusion porosimetry (MIP) and stress-strain 
measurements (modulus of elasticity).   
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1.3 Structure of the thesis 
The thesis is structured into seven chapters, including this introductory chapter. Chapter two describe 
the brief literature review following by four chapters each responding to a research objective, and 
Chapter 7 presents thesis’s conclusions and recommendations. Chapter 2 presents a literature review 
about factors affecting the coal permeability, different types of boundary conditions and their 
implication on permeability modelling. Chapter 3 characterize the coal sample used in the thesis, and 
the description of the triaxial stress permeameter (TSP) developed to conduct experiments 
specifically for this thesis. Chapter 4 reports the stress-strain measurements, the anisotropic modulus 
of elasticity, and a novel method to estimate the cleat compressibility without regression of 
permeability models to laboratory core flooding experiment data or field production histories. Chapter 
5 evaluates the conceptual framework of constant stress (free swelling) and constant volume boundary 
condition on permeability by conducting permeability experiments on the coal sample using TSR. 
Chapter 5 presents a novel, simple, economical, and time effective method to estimate the anisotropic 
permeability of the coals, by avoiding the tedious experimentation using triaxial permeameter or the 
history matching exercises. Chapter 7 provides thesis conclusions and the recommendations for the 
future research.  
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Chapter 2 State of the art for coal permeability 
The literature review of coal permeability prediction is divided into two major parts. In the first part, 
the factors affecting the coal permeability is discussed, and in the second part, a review of coal 
permeability models are given. Further, a brief description of core flooding rigs is described 
highlighting their deficiencies upon which the design and manufacture a new triaxial stress 
permeameter was motivated. Finally, the conclusions from the literature review are given by which 
the objective of this work was derived. 
2.1 Factors affecting coal permeability 
The capacity of a CSG reservoir and its production behaviour changes depending on the geological 
basin being considered, and this behaviour is dominated by coal’s petrographic, geo-mechanical 
properties (Tsai 1982, Scott 2002, Gentzis, et al. 2007), effective stress and reservoir boundary 
conditions, all of which directly affect the gas flow by altering permeability. In this section, the factors 
are discussed that directly affect CSG permeability and gas content.   
2.1.1 Coal rank, type and grade 
2.1.1.1 Coal rank 
Rank defines the thermal maturation of coal and consequently usually increases with burial depth for 
a given location (Suggate 1974). It is often provided by the vitrinite reflectance, e.g., Table 2-1. This 
reflectance provides a convenient and quick way to assess thermal maturity.  
There have been many attempts to correlate rank with gas content (Kim 1977, Creedy 1988, Scott 
2002, Karmakar, et al. 2013, Cheng, et al. 2017) but, since there are many other factors also influence 
this, the general finding is that the correlation is weak at best (Cheng, et al. 2017). 
Coal permeability may be expected to be related to rank, e.g. (Law 1993). However because seams 
are made up of many bands or subordinate sections, a general correlation is not possible. Secondly, 
although higher rank coals have more closely spaced cleats, i.e., more cleats per unit of cross-section 
as shown in Figure 2-1, these generally have smaller apertures. Since permeability depends on both 
the number, size and connectivity of the flow paths, a simple rank-permeability relationship does not 
exist. 
 
 
 
7 
 
Table 2-1: Coal rank classes according to (ASTM, 1977) (Medhurst 1997). 
Rank Maximum Reflectance (%) 
Sub-bituminous <0.47 
High volatile bituminous C 0.47-0.57 
High volatile bituminous B 0.57-0.71 
High volatile bituminous A 0.71-1.10 
Medium volatile bituminous 1.10-1.50 
Low volatile bituminous 1.50-2.05 
Semi anthracite 2.05-3.00 (approx.) 
Anthracite >3.00 (approx.) 
 
 
Figure 2-1: Graph showing the relation of vitrinite reflectance and face cleat spacing (Massarotto, 
et al. 2008). 
2.1.1.2 Coal type 
The measure of the organic fraction of plant material present defines the coal type (Crosdale, et al. 
1998). Coal type is defined either dull or bright depends up on the inertinite and vitrinite contents. 
The inertinite-rich coal is termed as dull coal, and vitrinite rich coal is known as bright coal. The 
literature generally agrees that permeability changes with litho-type, with bright coals having the 
highest and dull coals the lowest (Gamson and Beamish 1992, Dmyterko 2014, Mahoney, et al. 2015). 
For dull coal is associated with a decrease in permeability, but these results are overshadowed by 
compositional variability between samples (Clarkson and Bustin 1996). 
2.1.1.3 Coal grade 
Coal grade is the measurement of the amount of inorganic material present in the coal and generally 
given in percentage. If inorganic material fills the cleats, it may produce an impermeable layer for 
fluid flow, resulting in a permeability decrease, although this effect is location specific and generally 
not well researched. Further, the lowering of carbon content (by increasing the inorganic material) 
can decrease the amount of adsorbed gas (Harpalani and Chen 1995). 
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2.1.2 Mechanical properties of coal 
Like most materials, coal deforms when force is applied on it, which in large-scale affects the 
structural integrity of CSG reservoir (Jiang, et al. 2010) and the permeability during gas production 
(Peide 2001). The forces that are exerted on any volume element of coal can be from internal and 
external sources. The internal force is due to either (i) the pressure of gas or water contained in the 
pores and cleats of the coal, which have the effect of pushing these spaces to expand; or (ii) r due to 
swelling or shrinking of the coal material as gas is adsorbed or desorbed into it. The external force is 
either due to overburden pressure or due to tectonic stress. The forces can be compressive or tensile 
in nature. Since the cleats and fractures are the weakest parts of the coal bulk, these deform first, 
hence, directly affect the permeability and gas productivity of the CSG reservoir.   
The deformation produced in coal is quantified in term of mechanical strain(𝜀) and stress(𝜎). The 
most important mechanical properties of a CSG reservoir to understand the permeability are related 
to cleats. These properties are based on the stress-strain behaviour of the cleats and can be categorized 
in many form; cleat compressibility(𝐶), modulus of elasticity(𝐸), Poisson’s ratio(𝜈), and bulk 
modulus(𝐾) These play roles of prime importance to understand the permeability behaviour of CGS 
reservoir. Although, in literature the E, ν and K  are generally referred as the properties of coal matrix, 
therefore the same representation is used in this thesis. 
Modulus of elasticity defines the tendency of coal to deform in an axis parallel to applied stress 
(𝜎) and can be calculated using Equation 2-1. This equation shows that as the modulus of elasticity 
increases it required more stress to produce strain in the coal. For an isotropic material only a single 
modulus of elasticity is used to define the elastic behaviour, but, since coal is generally an anisotropic 
material distinct values are required corresponding to each axis (Szwilski 1984, Pan and Connell 
2011).  
E



 
Equation 2-1 
 
Just to get an idea, the isotropic modulus of elasticity of typical coals (i.e. coal matrix) lies between 
1.5-4 GPa (Van Heerden 1975, Pan and Connell 2007) which is typically estimated by curve fitting 
of stress-strain measurement, as given by Figure 2-2.  
Cui and Bustin (2005) show that higher modulus of elasticity can result in less permeability reduction 
during the pressure drawdown. However, the effect of modulus of elasticity (of the coal matrix) may 
not be as significant that of cleat, i.e., cleat compressibility (which can be taken as the reciprocal of 
the modulus of elasticity for cleat). 
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Figure 2-2: Complete stress-strain curve for coal under compressive loading. Figure redeveloped 
after  Van Heerden (1975). 
Poisson’s ratio(𝜈) is the ratio of the transverse strain to axial stain. It quantifies the amount of coal 
deformed in directions other than the applied stress, and can be calculated using the Equation 2-2. 
The typical value of Poisson’s ratio for coal lies between 0.22-0.42 (Levine 1996) but in some cases 
it is found even higher (Gentzis, et al. 2007). 
transverse
axial
d
d



  
Equation 2-2 
 
Poisson’s ratio relates the change in permeability due to the deformation in the transverse direction 
caused by force applied in the axial direction. Therefore when the anisotropy of coal is considered 
Poisson’s ratio plays an important part by quantifying the interaction of strain anisotropy that 
eventually helps to estimate the anisotropic permeability accurately (Liu, et al. 2010, Pan and Connell 
2012). Researchers have (Levine 1996, Ma, et al. 2011) shown that an increase in the Poisson’s ratio 
leads to an increase in the permeability during pressure drawdown, as shown in Figure 2-3. 
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Figure 2-3: The effect of Poisson’s ratio on permeability during pressure drawdown (Levine 1996). 
Bulk modulus (𝐾) of coal is the measure of its resistance under hydrostatic stress conditions (St. 
George and Barakat 2001). The bulk modulus can be calculated in terms of modulus of elasticity and 
Poisson’s ratio as follows,  
3(1 2 )
E
K



 
Equation 2-3 
 
Compressibility factor is the reciprocal of bulk modulus (Wang, et al. 2008). In the coal permeability 
literature, the cleat compressibility is mostly obtained from permeability data, as discussed later. 
  
Although bulk modulus or compressibility factor are derived characteristics (from the modulus of 
elasticity and Poisson’s ratio) they help provide a picture of the behaviour of coal under hydrostatic 
stress. 
A typical curve of compressibility is shown in Figure 2-4.  This curve shows a two distinct and 
essentially linear regions having different slopes. The first slope is from 0-0.3 MPa and second is 
from ~2-onward. These two slopes represent the compressive behaviour of fracture and coal matrix, 
respectively, and can be used to calculate the modulus of elasticity for the fracture and coal matrix 
(Wang, et al. 2007). Regarding permeability, having a high magnitude of bulk modulus shows the 
coal resistance to deform under stress, which in turn opposes reductions in permeability. 
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Figure 2-4: Variation of compressibility with increase in average stress, figure regenerated after 
Wang, et al. (2007). 
2.1.3 Adsorption/desorption 
Coal is a unique material that shows swelling and shrinkage behaviour due to adsorption and 
desorption process, respectively (Chen, et al. 2011), and this characteristic of coal distinguishes CSG 
from conventional gas reservoirs. Experimental observation shows that coal can swell or shrink up to 
a few percent when the pore pressure is changed (MOFFAT and Weale 1955, Reucroft and 
Sethuraman 1987, Battistutta, et al. 2010).  
 
Figure 2-5: Sorption induced strain of coal sample (Mitra, et al. 2012). These results show the 
methane swelling effect on the coal, the strain change due to pore-pressure is subtracted from the 
results. 
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Figure 2-5 shows the coal swelling due to the at different methane pore pressure. It shows that as the 
methane pressure increase the volumetric swelling strain also increases, and vice versa. 
Coal exhibits a different swelling/shrinking behaviour for different gases at given conditions. Figure 
2-6, for example, shows that the coal sample sorbed different volumes of carbon dioxide and methane 
at the same pressure. 
 
 
Figure 2-6: Sorption volume for CH4 and CO2 at a different pressure (Levine 1996). 
The swelling of the coal matrix potentially results in a  decrease in the cleat aperture, and this would 
lead to a direct reduction in the cleat open space and effective permeability (Wang, et al. 2010). 
Experimental measurement, as shown in Figure 2-7 as an example, shows that increases in the pore 
pressure increase the swelling strain and result in a reduction of the permeability.  
 
Figure 2-7: Effect of gas (CO2) sorption on swelling and permeability of coal (Jasinge, et al. 2012). 
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Coal swelling/shrinking behaviour is directionally dependent, i.e. anisotropic in nature (Wang, et al. 
2013). Figure 2-8 shows that coal swells at the different magnitude and rate in various directions, 
importantly parallel and perpendicular to the bedding plane. Generally swelling perpendicular to 
bedding is much higher than parallel to the bedding plane.  
 
Figure 2-8: Sorption anisotropy of coal at different pore pressure for CH4 (Wang, et al. 2013). 
Mathematically, the swelling/shrinking behaviour of coal can be described using a Langmuir isotherm 
type equation. The experimental result shows that the volumetric strain can be approximated to have 
a linear relationship with the amount of gas sorbed, as shown in Figure 2-9. This linear relationship 
can be defined using the following equation, 
( )Vv gconstant   Equation 2-4 
 
Where, 𝜀𝑣 is the volumetric strain and 𝑉𝑔 is the volume of gas sorbed.  
The plot of volumetric stain against pore pressure is given in Figure 2-10, that can be used to 
statistically fit the two quantities using the Langmuir isotherm type equation, as given below, 
L P
g
P L
V P
V
P P


 
Equation 2-5 
 
Where, 𝑃𝑃 is the pore pressure, 𝑉𝐿 and 𝑃𝐿 is Langmuir fitting parameter. Equation 2-4 and Equation 
2-5  is used together later in Chapter 5 to model the swelling strain with corresponding pore pressure. 
A theoretical model developed by Pan and Connell (2007) describes the relationship of adsorption-
induced coal swelling to mechanical strain. This model equates the surface energy changed by the 
adsorption equal to the strain, and given by the following equation, 
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Equation 2-6 
 
 
 
Figure 2-9: Linear relationship between the amount of gas sorbed with volumetric strain (Cui and 
Bustin 2005). 
 
Figure 2-10: Volumetric strain plot versus pore pressure to relate using Langmuir isotherm equation 
(Cui and Bustin 2005). 
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2.1.4 Absolute permeability, Klinkenberg effect (gas slippage effect) 
The concept of gas slippage is utilized in Chapter 5, and the background is provided in this section. 
Absolute permeability (kabs) describes the ability of a porous media, such as sandstone or coal, to 
transmit fluids and is an intrinsic property that reflects the material’s internal pore structure. Most 
commonly, the permeability of rocks is defined by a Darcy-type flow which accounts for fluid 
viscosity explicitly as a separate term and assumes that the permeability is independent of the fluid 
properties and may be gas or liquid, and the fluids are non-reactive with the rock. The equation applies 
to the laminar flow regime. Permeabilities measured in the laboratory or inferred from production 
and history matching exercises in gas reservoirs are also affected by (i) the number of phases flowing 
(oil, water, gas) which leads to the concept of relative permeability; (ii) the effective stress on the 
rock which compresses pore volumes and thereby effects the areal fluid flow paths; and (iii) for coal 
seam gas (CSG) reservoirs, coal shrinkage due to methane desorption which also effects fluid flow 
paths.  
In addition to these factors, following the work of  Klinkenberg (1941) it is clear that at low fluid or 
pore pressures (Pp) the permeability of porous media measured using gases is observed to be higher 
than the permeability measured with liquids. This phenomena is known as the Klinkenberg effect, 
and it is illustrated in Figure 2-11 (a) shows a typical laminar flow regime assumed in Darcy-type 
flow with fluid velocities at the pore wall tending to zero that develops in large pores. In contrast, 
Figure 2-11 (b) shows an example of the Klinkenberg effect for gas flow in a pore. It shows that 
characteristic pore width (Lcharacteristic) is close to or smaller than the mean free path of a gas molecule 
(λ) (mean free path of a gas molecule is the average distance the molecule travels before a collision 
with another moving particle (Bird 1976)). In this second case, the velocity of the gas molecules close 
to the pore wall is non-zero and this “gas slip” is controlled by diffusion rather than just the pressure 
driving force described by the Darcy-type flow. The net result of gas slip is that the apparent 
permeabilities measured with gases are greater than absolute permeability measured with liquids. 
 
Figure 2-11 (a) Velocity profile of both liquid and gas flow when the characteristic length is greater 
than mean free path (continuum flow) (b) Velocity profile of gas when the characteristic length is 
much smaller than mean free path of gas (capillary flow). The arrow in (a) and (b) is show the velocity 
profile as well as flow direction. Velocity profile in Figure 2-11(a) is parabolic, while linear in Figure 
2-11 (b). 
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Klinkenberg showed that the deviation between the apparent permeability measured with gas and kabs 
measured with liquids is greater in tight porous media where the width of the pores approaches the 
mean free path of the gas and that the deviations are greater at low pore pressures. Both these 
conditions may exist in CSG reservoirs (Li, et al. 2014), and are prevalent in tight gas and shale gas 
reservoirs (Moridis, et al. 2010, Clarkson, et al. 2012, Sakhaee-Pour and Bryant 2012). The gas 
slippage effect may be observed as an increase in gas productivity as the reservoir pressure is drawn 
down.The gas slippage is usually considered negligible in CSG production especially compared with 
the permeability changes attributed to effective stress and matrix shrinkage (Guo, et al. 2014, Connell 
2016). Overall, there are very few detailed investigations of gas slippage in coal (Harpalani and Chen 
1997, Li, et al. 2014).  
Klinkenberg (1941) presented the theory of gas slip in the porous medium. The theory supported by 
experiments concluded that the permeability of porous medium is a linear function of reciprocal of 
the pore pressure of gas flowing through it, as given by the following Equation 2-7, 
1 klinkabs
P
b
k k
P
 
  
 
 
Equation 2-7 
 
Where k is the apparent permeability, kabs is the absolute or intrinsic permeability, bklink is the 
Klinkenberg coefficient and 
PP is the average pore pressure. 
Equation 2-7 also reveals that (Klinkenberg 1941), 
1) Permeability is the function of ‘average pore pressure’ it is not dependent on the pressure 
difference between upstream and downstream of the sample. 
2) The coefficient bklink inversely related to cleat width of the sample. Samples of higher 
permeability should have a lower magnitude of bklink. 
To verify slip theory, Klinkenberg (1941) conducted a series of experiments on 19 different cores and 
4 different glass filters using various gases, including Hydrogen, Nitrogen and carbon dioxide. 
Permeability results of core sample J presented in Figure 2-12. The intersection of each fitted line to 
vertical axis represents the absolute permeability of the core sample. Figure 2-12 clearly shows that 
absolute permeability is always the same despite different gas type used in the experiments. Secondly, 
absolute permeability is always lower than apparent permeability. Furthermore, the apparent 
permeability of CO2 is lowest; H2 is highest and; N2 lies between CO2 and H2. Experiments and data 
analysis presented in this research are the bases of all the on-going research in gas-slippage 
permeability. 
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Figure 2-12: Permeability measurement plotted against reciprocal of pore pressure using various 
gas to calculate the absolute permeability(Klinkenberg 1941). 
To elaborate slip flow, it is necessary to understand the relationship of characteristic length and mean 
free path of gas molecules. The relationship between characteristic length and mean free path usually 
defined by the Knudsen number, 
n
characteristic
K
L

  
Equation 2-8 
 
Where, 
nK is the Knudsen number,  is the mean free path of fluid and characteristicL is the characteristic 
length of the porous medium (i.e., the mean distance between pore walls) 
Researchers (Darabi, et al. 2012, Ziarani and Aguilera 2012) defined various flow regimes based on 
the Knudsen number as given in Figure 2-13. The extreme left and right of Figure 2-13 represent a 
continuum and diffusion flow regimes, respectively, and the region of slip flow (where the 
Klinkenberg theory applies)  is intermediate to both flows with a range of ~10-3<kn<10
-1. 
 
 
Figure 2-13: Transition of flow regime based on Knudsen number (Darabi, et al. 2012) 
As an example of the use of Klinkenberg slip theory, Harpalani and Chen (1997) performed a series 
of experiments on coal sample using helium gas and a gas mixture primarily based on methane. The 
main focus was to differentiate the swelling effect of gas mixtures so that the absolute permeability 
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of the coal samples could be calculated. For this purpose, helium was used a non-sorbing gas, and a 
mathematical model was used to calculate the methane permeability. All experiments were conducted 
at 44oC and constant effective stress of 5.4MPa. The pressure gradient of 0.21 and 0.26MPa was 
maintained across the sample. The results presented in Figure 2-14 show an absolute permeability of 
0.3mD. Helium permeability was then used to obtain the value of Klinkenberg coefficient, which was 
calculated to be 0.94MPa. 
 
Figure 2-14: Permeability measure for coal sample using helium gas to calculate absolute 
permeability and Klinkenberg coefficient that further used to calculate the permeability of methane 
(Harpalani and Chen 1997). Experimental methods and data analysis adopted by  Klinkenberg 
(1941) and Harpalani and Chen (1997) are the basis to estimate absolute permeability and 
Klinkenberg coefficient in the laboratory.  
In CSG reservoirs, the cleat width corresponding to the slip flow regime can be calculated based on 
the mean free path of gas at given pore pressure, using Equation 2-8. Accepting the slip flow range 
of Kn, as given by Figure 2-13, the cleat width (characteristic length) can be calculated. The mean 
free path is given by the following Equation 2-9 (Cussler 2009), 
22
bolt
c P
K T
D P
   
Equation 2-9 
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Where 
boltK is Boltzmann constant (1.3805×10
-23 J/K), T is the temperature in Kelvin, PP  is average 
pore pressure in Pascal and Dc is collision diameter (nm). For example, the collision diameter of 
methane gas is 0.42 nm (Ziarani and Aguilera 2012) which gives  3.41×10-8m at 35oC and 0.5 
MPa of average pore pressure. Using Kn for slip flow regime the characteristic length (cleat width) is 
consequently calculated to be 3.41 micron (Kn=10
-3) and 0.341 nm (Kn=10
-1). This cleat width 
represents an effective (idealised, constant) hydraulic width similar flow between parallel plates or 
straight running capillaries. The mechanical or apparent cleat width is much higher (Bai and Elsworth 
, Gu and Chalaturnyk 2010) than the effective hydraulic width that gives the slip flow, as it accounts 
for surface roughness and tortuosity. 
Equation 2-7 only required bklink to estimate absolute permeability (kabs) of the porous medium, if 
apparent permeability already known by experimental measurements. Although Klinkenberg and 
Harpalani (Klinkenberg 1941, Harpalani and Chen 1997) fit the apparent permeability data to 
Equation 2-7 to estimate bklink, the literature provides a few models to estimate its magnitude, such as 
(Randolph, et al. 1984, Ertekin, et al. 1986), 
16 2
klink
c RT
b
b M


  
Equation 2-10 
 
Where c is a constant with a value usually taken as 0.9,   is dynamic viscosity, b is the width of the 
flow path (cleat width), R is universal gas constant, T is temperature and M is molecular weight of 
permeability fluid. 
Equation 2-10 relates the fluid properties with the geometry of porous medium through b. It is quite 
straightforward to estimate bklink using Equation 2-10, as all the required parameters easily available, 
except b. However, the width of the flow path (b) is difficult to measure. Two other equations are 
available in the literature (Jones and Owens 1980, Sampath and Keighin 1982, Wu and Pruess 1998, 
Florence, et al. 2007, Ghanizadeh, et al. 2014) to estimate the magnitude to bklink,  
 klink absb k

  Equation 2-11 
 
Moreover, 
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k
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Equation 2-12 
 
  
Where,  and β are coefficients that need to be found experimentally. 
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Permeability can be estimated by using the parameters calculated for some other fluid, as Equation 
2-7 only required kabs and bklink. For example, kabs and bklink can be calculated using helium gas and 
then it can be used to calculate methane permeability. As kabs remain same for both helium and 
methane, therefore, the only bklink is required to calculate methane permeability. Using Equation 2-10, 
bklink for helium and methane given as follows, 
16 2
He
He
klink
He
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b
b M


  
Equation 2-13 
 
   
Moreover, 
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4
4
16 2
CH
CH
klink
CH
c RT
b
b M


  
Equation 2-14 
 
Dividing Equation 2-14 and Equation 2-15, after rearranging bklinkCH4 is given as follows, 
4
4
4
CH He
CH He
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He CH
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b b
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

  
Equation 2-15 
 
Equation 2-15 only requires 
Heklink
b to calculate 
4CHklink
b , and magnitude of viscosity and molecular 
weights can easily be taken from elsewhere.  
Now using Equation 2-15, first the kabs and 
Heklink
b may be calculated using helium gas. It required to 
experimentally measure the apparent permeability using helium gas. Afterwards, Equation 2-15 
should be used to calculate
4CHklink
b . Further, methane permeability can be calculated using
4CHklink
b , kabs 
and Equation 2-15. 
There is substantial research (Wang, et al. 2014, Zhou, et al. 2016) available that integrated the effect 
of adsorption/desorption on the magnitude of bklink, but not included here, as it is not the prime focus 
of the review. 
2.1.5 Effect of temperature 
Temperature changes coal permeability by altering its physical characteristics (LI, et al. 2009) and 
sorption properties (Qu, et al. 2012). An important change is a thermal expansion, usually accounted 
by the coefficient of thermal expansion, Equation 2-16, 
T
L
L T




 
Equation 2-16 
 
where, 𝛼𝑇  is the coefficient of thermal expansion, ∆𝐿 is the change in the length and ∆𝑇 is the change 
in temperature.  
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The thermal expansion for coal usually lies in the order of 10−5 𝐾 (Bangham and Franklin 1946, Zhu, 
et al. 2011). As the coal matrix expands as a result of temperature the aperture of cleats and fractures 
tend to close up and hence permeability, is affected. 
Secondly, the sorption capacity of coal is decreased as the temperature increases (Levy, et al. 1997, 
Crosdale, et al. 2008, Sakurovs, et al. 2008). Figure 2-15 shows an example of an experiment 
performed on Pocahontas coal sample at a temperature of 35oC and 55oC. When the sample is at a 
lower temperature, it adsorbs more gas, and the gas has a higher density. As the amount of gas is 
directly related to the sorption strain, lower temperatures make the coal more susceptible to sorption 
induced strain.   
 
Figure 2-15: Effect of temperature on the sorption capacity of coal (Sakurovs, et al. 2008). 
2.2 Coal permeability models 
Modelling coal permeability is an active area of research given its commercial importance to gas 
production behaviour of CSG reservoirs. Over the course of last four decades, some coal permeability 
models have been developed based on different underlying assumptions regarding important physical 
behaviours. In the application the models also require information, generally not available regarding 
the reservoir characteristics. Most these rely on the assumption of uniaxial strain in the vertical 
direction and constant volume in the horizontal directions, but may also include constant strain in all 
directions (often the basis of laboratory measurements), which are usually but not necessarily 
isotropic (aka free swelling/shrinkage conditions), or constant volume conditions in which the cell 
size is set and reactionary stresses at the wall respond to maintain zero overall strain. A 
comprehensive literature review of these models can be found in the literature (Pan and Connell 
2012). In this thesis, the effect of constant stress and constant volume boundary conditions on coals 
permeability is experimentally investigated. This represents two ‘extreme’ ends of the likely physical 
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spectrum that may be encountered in practice. The uniaxial strain may then be viewed as an 
intermediate boundary condition. 
The uniaxial strain is  the condition where the strain in the horizontal plane is considered as zero 
(∆𝜀𝑥 = ∆𝜀𝑦 = 0) but the strain in vertical the  plane is considered (∆𝜀𝑍 ≠ 0) (Palmer and Mansoori 
1998) constant based on the logic that the overburden stress (∆𝜎𝑍 = 0) is the “weight’ of the rock 
above the volume element under consideration The constant stress condition refers to the condition 
where the stress over coal seam is considered constant (∆𝜎𝑥 = ∆𝜎𝑦 = ∆𝜎𝑍 = 0)  during the 
production. Constant stress boundary condition is also referred as ‘free swelling/shrinking to’ 
boundary condition in the literature as it allows coal to expand or contract freely under a constant 
external force. The constant volume condition (Massarotto 2002) assumes that during the gas 
production the volume of CSG reservoir remains constant (∆𝜀𝑥 = ∆𝜀𝑦 = ∆𝜀𝑍 = 0).  
These three conditions are mainly used in the literature as the basis of the permeability models to 
predict field outcomes, although justification is seldom given for using a particular boundary 
condition.  Constant stress or (more rarely) constant volume conditions are normally set up in 
laboratory measurements, and uniaxial strain is often applied to field situations. Uniaxial strain based 
models usually used to simulate field data while constant stress normally verifies the laboratory 
experiments.  
The permeability models themselves, although they have many aspects in common, can be 
categorised as porosity based, stress based or strain based, and by application of isotropic and 
anisotropic conditions. In this thesis, the directional behaviour of coal is examined, and the model 
falls into the stress-based genre since this provides an easier mechanism for applying boundary 
conditions. 
2.2.1 Isotropic permeability models  
Gray (1987) was the first researcher to include sorption effect on the change in the permeability of 
the coal, although the coal permeability models already existed before, such as given by Somerton, 
et al. (1975) and King, et al. (1986). The research shows that coal seams show considerable difference 
in behaviour than normal gas reservoir for storing gas and change in permeability. Gray (1987) 
explains that permeability of the cleat structure changes in two different ways. The first is because of 
the effect of a change in the concentration of gas and water, and secondly, due to the change in 
effective stress, the effective stress is defined as the total stress minus the pore pressure. Although the 
model developed earlier by Somerton, et al. (1975) used to explain the effect of stress on permeability 
of coal using uniaxial strain boundary condition, which can be influenced by the value of initial stress, 
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pressure change and shrinkage of coal matrix, but it does not include the sorption effect that was first 
introduced by Gray (1987). The initial stress divided into two major parts, the first, is caused by the 
overburden due to gravitational force. The second part further divided into two major components. 
The first component is by lateral stress due to overburden, which is given by the following equation, 
1
h x y z
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Equation 2-17 
 
   
Where, 𝜎𝑥=𝑦 is horizontal stress(𝜎ℎ), 𝜎𝑧 is the vertical stress due to overburden and 𝜈 is the Poisson’s 
ratio of coal. The second component is due to the tectonically induced horizontal stresses. The model 
developed by Somerton, et al. (1975) is also approximated as following to calculate the permeability, 
0.31
1.013 10 hk
   Equation 2-18 
 
The earlier models, such as developed by Somerton, et al. (1975), did not incorporate the 
swelling/shrinking induced based permeability.  Gray (1987) was the first researcher, who defined 
the term utilising the effect of swelling/shrinkage by considering the sorption pressure (𝑃𝑃) as, 
 Equation 2-19 
 
   
The net effective horizontal stress can be calculated by using equation as, 
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Equation 2-20 
 
   
A 3D coalbed simulator is developed by Sawyer, et al. (1990) that is based on finite difference 
method, in order to simulate the two-phase flow (gas-water flow). This model is the based on the 
earlier work of King, et al. (1986) and used the porosity of coal to calculate the permeability. The 
model utilised the theory of gas transport through coal matrix, a gas transfer from matrix to fracture 
and desorption at the matrix-cleat interface. The model also incorporates the effect of matrix 
shrinkage compressibility, stress-dependent permeability and the re-adsorption of gas. The model is 
validated against the data from the Black Warrior and San Juan Basins. The stress induced 
relationship between permeability and porosity is defined by including the pore volume 
compressibility (𝑐𝑝), as given by Schwerer and Pavone (1984), 
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moreover, 
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Where 𝑘 is the permeability, 𝜙 is the porosity and 𝑃𝑃 is the pressure. The model used the concept of 
coal matrix shrinkage and matrix compressibility, as explained by the earlier work of Gray (1987) 
and Harpalani (1989), 
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Equation 2-23 
 
  
Where, ∆𝑃𝑃 is the change in pore pressure and ∆𝐶 is concentration change (scf/ft
3), and can be 
calculated as follows,  
The 3D model version using these principles and conservation for gas and water was developed, 
details can be found in the literature (Sawyer, et al. 1990). 
The cubic relationship is given in Equation 2-21is now widely accepted, but of course one must be 
very careful what voidage is used. Coal voidage is dominated by micro and meso porosity which 
hardly contributes to permeability. The voidage to apply in this Equation 2-21 is that which actually 
contributes to Darcy flow, an important consideration which is developed further in this thesis. 
The decreasing permeability of coal with increasing effective stress using a bundle match stick model 
was first conceptualized by Seidle, et al. (1992) and set up to provide coal permeability as a function 
of stress. This model is used to calculate the cleat volume compressibility and was validated against 
measured laboratory data. In order to build the model the equations of permeability and porosity were 
obtained from the literature (Reiss 1980), 
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Where, 𝑐𝑓is cleat compressibility and 𝜎ℎis the hydrostatic stress. The experiments on Warrior and 
San Juan Basin coals, used uniaxial conditions with brine as the fluid. The permeability measured 
were vertical permeability. The cleat compressibility was determined experimentally by measuring 
expelled brine volumes measured upon increasing the hydrostatic pressure. This model only account 
the effect of stress and neglects the sorption based effect. The cleat compressibility term act as a 
fitting parameter that actually relates the permeability with the stress. 
A series of experiments was performed by Seidle and Huitt (1995) to measure the coal matrix 
shrinkage and used the matchstick geometry model used to relate permeability with matrix shrinkage. 
The limitation of this model is that it only accounts for the coal-sorption induced strain and neglect 
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the effect of stress and coal compressibility. Therefore, this model only applies to the conditions 
where sorption induced strain dominates the stress induced strain. The experiments on San Jan Basin 
coal used CO2 and CH4. Five strain gauges were used to get the swelling coefficient based on the 
following equation, 
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Equation 2-25 
 
Where, 𝑐𝑚is the matrix swelling coefficient, 𝜀exp is the net strain. The net strain is the difference of 
swelling strain (𝜀m) and mechanical strain (𝜀p) due to pressure. The mechanical strain due to pressure 
is measured by using helium, as it does not adsorb in the sample; 𝑐𝑝is the mechanical compliance 
coefficient and it is calculated by dividing mechanical strain with the applied gas pressure; 𝑉𝑚 and 𝑏 
are Langmuir coefficients from the Langmuir isotherm. The following model is then developed to 
calculate the porosity of coal, 
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Equation 2-21  is used to calculate the permeability. The experimental results of strain data show the 
similar trend as the sorption isotherm confirming the relation of strain data with the adsorbed gas. 
The resultant swelling coefficients calculated using Equation 2-25 are given in Table 2-2. It shows 
that the value of swelling is changed for each gas at different orientations. The result of porosity and 
permeability calculated using Equation 2-26 and Equation 2-21 is shown in Figure 2-16, it shows the 
decreasing trend by increasing pressure.  
Table 2-2: Swelling coefficient for CH4 and CO2 at a different location of the strain gauge (Seidle 
and Huitt 1995). 
Strain gage Mechanical 
compliance 
coefficient, 
micro 
strain/psi 
Average 
Methane 
Swelling 
Coefficient, 
micro strain 
–ton/scf 
Standard 
Deviation  
Average 
CO2 
Swelling 
Coefficient, 
micro strain 
–ton/scf 
Standard 
deviation 
1 -0.09043 1.33 0.19 0.68 0.55 
2 -0.09002 0.92 0.05 0.57 0.68 
3 -0.10272 0.91 0.17 1.11 0.71 
4 -0.06382 0.61 0.08 -0.68 0.83 
5 -0.07359 0.53 0.07 0.84 0.69 
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Figure 2-16: Effect of matrix shrinkage on porosity and permeability(Seidle and Huitt 1995). 
Harpalani and Chen (1995) measured the change in the coal matrix volume as gas is released. The 
change in permeability was then calculated based on an assumption of constant volume (i.e., all strain 
was taken up in the coal cleats) using the matchstick conceptualisation. The experiments were done 
by measuring the strain on the coal sample while holding a constant external pressure and by 
decreasing the methane concentration. The results showed a linear relationship between the measured 
strain and the gas desorbed. These experiments also utilised strain gauges to measure the 
swelling/shrinking on an eighty-nine mm diameter cores from San Juan Basin. The samples were 
equipped with six strain gauges, three in axial and three in horizontal directions, each 120o apart and 
the results are. The results shown in Figure 2-17 shows that desorption of methane started at pressure 
<6.9 MPa and it is quite linear.  
 
Figure 2-17: Volumetric strain with decreasing gas pressure (Harpalani and Chen 1995). 
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The following equation was used to calculate the matrix shrinking coefficient, 
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Equation 2-27 
 
Where, 𝑐𝑚
∗ is the matrix compressibility, 𝑉𝑚 is the matrix volume and 𝑃 is the is applied pressure. The 
value of matrix compressibility was found to be 2.4 × 10−4𝑀𝑃𝑎−1. Further Harpalani and Chen 
(1995) used a matchstick model to derive the relation of coal porosity, as given by the following 
equation, 
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Where, 𝑙𝑚∗ is the change in the dimension of the coal matrix block in the horizontal direction, ∆𝑃 is 
the change in the pressure and 𝜙 is the cleat porosity. Using the initial cleat permeability defined by 
Reiss (1980), the cleat permeability is,  
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The limitation of the permeability model given by the above equation is that it does not address the 
effect of strain produce by sorption and pressure separately, rather it takes strain holistically as the 
result of a change in pressure. A recent study performed by Ma, et al. (2011) addresses this issue by 
using an equation that provides compression and shrinkage separately for a constant volume system 
(Massarotto 2002), 
0
m 0
0
1
* 1 1 (V ) ( )
1 1
m
bP bP
l m P V P P
bP bP E

       
 
 
Equation 2-30 
 
Levine (1996) developed a permeability model using elastic rock mechanics theory in which the cleat 
aperture changed as a result of cleat compression and sorption stain; The model predicts that Young’s 
modulus of elasticity, Poisson’s ratio, fracture spacing and matrix shrinkage parameter as 
characteristics that affect the fracture width. The model used the permeability based on the work of 
Gray (1987),  
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where, 𝑏 is the fracture width and ‘a’ is the fracture spacing. The Equation 2-31 shows that the 
permeability of is highly dependant on the fracture (cleat) width which changes permeability by the 
cube power. The following equation is used to calculate the new fracture width, 
2 1 . .    p sb b a a    Equation 2-32 
 
 
Where, 𝑏2 is the new fracture width, 𝜖𝑝 is the fracture closure due to pressure change and 𝜖𝑠 is the 
strain due to sorption. 𝜖𝑝 and  𝜖𝑠 can be calculated using following equation, 
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Equation 2-34 
 
This in effect is analogous to the cube power of porosity in the theories presented earlier. 
By assuming a uni-axial strain condition as a result of constant overburden stress Palmer and 
Mansoori (1996) provided development of the permeability model.  The model calculates the 
permeability as a function of effective stress and matrix shrinkage, as given by the following equation,  
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where 𝜙 is the porosity, 𝑐𝑚 is the defined by the following equation, 
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Palmer and Mansoori (1998) further modified the term 𝐶𝑚 as,  
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Equation 2-37 
 
Where 𝑀 is constrained axial modulus, 𝐾 is bulk modulus, 𝑓 is a fraction from 0 to 1, g is a geometric 
term, 𝑐𝑟 is the grain compressibility, 𝑐𝑜 and 𝑏 are the Langmuir parameters. Further, the value of 
constrained axial modulus (𝑀) and bulk modulus (𝐾) can be calculated using the following equations, 
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Where, 𝐸 and 𝑣 are mothe dulus of elasticity and poisson’s ratio, respectively. The model was tested 
on the data taken from the San-Juan Basin. The result shows that a rebound in the permeability of 
coal can occur during the pressure draw down and it is highly sensitive to the modulus of elasticity. 
This corresponds with field experience, and the model has received wide spread application. 
A simplified permeability model proposed by Gilman and Beckie (2000) by considering a regular 
cleat system, slow methane release from coal matrix and adsorption storage of methane. Individual 
fractures are considered elastic, and the model included the uniaxial strain assumption. The model 
was derived using a partial differential based equation by considering the flow in one direction (x) 
normal to hydro fractures and parallel to the face cleat plane. The permeability was calculated using 
the following derived equation,  
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Where, ∆𝜎𝑥
(𝑒)
 is the change in the effective stress and 𝐸𝐹 is the Young’s modulus for the fracture. The 
effective stress is calculated using the following equation,  
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Where  ∆𝑃 is the change in fracture pressure, 𝛼 is the volumetric swelling coefficient and ∆𝑆 is the 
change of the adsorbed mass. Due to the assumptions, only the deformation in the z-direction is 
allowed and the mechanical properties (𝐸 𝑎𝑛𝑑 𝑣) are calculate by considering coal as an isotropic 
material. The strain in x and y direction are considered zero or very small in accordance with the 
uniaxial strain condition.  
Considering coal as a linear isotropic material, Shi and Durucan (Shi and Durucan 2004, Shi and 
Durucan 2005) developed a permeability model by assuming constant vertical stress. The model is 
given in the following equation, 
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Equation 2-42 
 
 
Where, 𝛼𝑠 is volumetric shrinkage coefficient, 𝑉𝐿 and b are the Langmuir isotherm parameters. This 
model is somewhat similar to the model developed by Palmer and Mansoori (1996) but avoids the 
cubic relation to porosity to calculate the permeability, rather, it uses the relation derived by  Seidle, 
et al. (1992).  
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Cui and Bustin (2005) developed two coal permeability models by investigating the effect of 
volumetric swelling, stress-strain behaviour and gas adsorption isotherm. The first model is derived 
using the cubical relation of porosity-permeability and given by the following equation, 
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In the above model, the stress is calculated by combining the effect of volumetric strain and pore 
pressure and horizontal stress is not used to define stress perpendicular to the cleat. 
Moreover, by considering uniaxial strain due to constant overburden stress, the following 
permeability model was derived,  
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The Langmuir parameters are not used in the above model. Instead, volumetric strain is directly used 
for the swelling behaviour.  
To estimate to the permeability of coal under biaxial and hydrostatic confining pressure Robertson 
and Christiansen (2008) derived a permeability model by considering a cubical geometry for coal. 
This model is different from the matchstick geometry model. The model considered cleats as the sole 
path of gas flow and accounts the factors that affect the cleats aperture to develop the permeability 
model. The first model was developed by considering constant pore pressure and varying overburden 
pressure as given by the following equation, 
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Moreover, second for the case for varying pore pressure (𝑝𝑝) and constant overburden pressure, 
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The varying cleat compressibility (𝑐𝑓) calculated using an equation from literature (McKee, et al. 
1988) as, 
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To investigate the effect of coal matrix-fracture interaction on permeability Liu and Rutqvist (2010) 
developed a model based on uniaxial strain condition and constant confining stress condition. The 
author developed this model by considering the interaction between fractures and coal matrix during 
coal deformation, which is not considered before in the models given in the literature (Palmer and 
Mansoori 1996, Shi and Durucan 2005, Robertson and Christiansen 2008). Additionally, it is not 
considered in this model that the magnitude of shrinkage/swelling of coal matrix is equal to the 
magnitude of cleat opening/closure, only the fractions of matrix strain effects the cleat aperture. This 
seeks to provide an explanation for why the models of Palmer and Mansoori (1996) and (Shi and 
Durucan 2005) often overestimate the effects of matrix swelling on permeability. In this model, only 
the permeability due to fracture is considered since the permeability of the coal matrix is negligible. 
The basic permeability equation derived in this study is, 
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In contrast with the bundle matchstick model used by earlier researchers, Liu and Rutqvist (2010) 
used a coal matrix bridge concept that connects one matrix block to another by assuming a bridge in 
the fracture, as shown in Figure 2-18. 
 
Figure 2-18: Coal-matrix bridge geometry used in the study (Liu and Rutqvist 2010). 
Two separate models were derived by Liu and Rutqvist (2010), the first model assumes a uniaxial 
strain condition and coal as an isotropic material, 
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Where, ∆𝜀𝑓 is the fracture strain. If the fracture strain is zero, then this model is similar to Shi and 
Durucan (2003). The second model is developed by considering the confining stress condition and 
given by the following equations, 
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where 𝑓 is a laboratory measured parameter, PP is the average pore pressure, E is the modulus of 
elasticity, ε is the strain, σ is the stress, ϕ is porosity, subscript: s is for swelling; I for internal; 0 for 
initial; f for fracture.  
Liu, et al. (2010) developed a novel permeability model that incorporates gas sorption induced 
permeability anisotropy under in situ stress conditions. It is achieved by linking the directional strain 
to the gas sorption by an elastic modulus reduction ratio(𝑅𝑚). The elastic modulus reduction ratio is 
the ratio of coal mass elastic modulus to coal matrix modulus. This model accounts for increasing 
permeability due to the swelling of bridge contacts and decreasing permeability due to swelling for 
no contacting surfaces. The coal fracture permeability is given as,  
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Where, 𝑅𝑚 =
𝐸
𝐸𝑚
, 𝐸is the bulk coal modulus of elasticity, 𝐸𝑚 is the matrix modulus of elasticity, 
subscript 𝑚 and 𝑓 refers to coal matrix and fracture. 
Two analytical coal permeability models based on linear poroelasticity were developed by Connell, 
et al. (2010) by considering the effect of triaxial stress/strain on adsorption induced swelling. Two 
popular models (Palmer and Mansoori 1998, Shi and Durucan 2005) assumes a uniaxial strain and 
constant overburden stress conditions that are difficult to replicate in the laboratory condition. 
Therefore Connell, et al. (2010) derived two permeability models that can be applied to laboratory 
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measurements for triaxial testing. The first model is in the exponential form while the other in the 
cubical form and both consider the sorption strain separately for bulk, matrix and fracture and given 
below respectively, 
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where, 𝐶𝑝𝑐
𝑀 is the pore mechanical compressibility. 
Based on non-zero lateral strain condition a permeability model is developed which suits the 
laboratory tri axial condition (Perera, et al. 2013). The model use a complex relationship between gas 
injection pressure (𝜎𝑃𝑃), confining pressure (𝜎𝑐), axial load (𝜎𝑎𝑥𝑖𝑎𝑙) and gas adsorption to define the 
permeability, as given below,  
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Coal matrix compressibility and the variable Biot coefficient was used to develop a coal permeability 
model (Guo, et al. 2014). Most models consider the Biot coefficient (𝛼) as unity but in this study it 
is taken between 0 and 1. The model was developed by considering the tri axial stress condition that 
most suits the laboratory based permeability measurements. An effective coal matrix deformation 
factor (𝑓𝑚) is used to partially account the effect of coal matrix deformation and the cube power 
relation defining coal porosity-permeability is used to calculate the permeability, 
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In the above model the Biot coefficient (𝛼) and 𝑓𝑚  act like a fitting parameters flexibility to match 
experimental results (but with the obvious disadvantage regarding prediction). 
There are other models available in the literature that explain the dynamics of permeability in coal 
seam reservoirs (Xie, et al. 2015, Zou, et al. 2015, Li 2017, Liu, et al. 2017, Zang and Wang 2017, 
Yang, et al. 2018). The common aspect of all these model are that they use the coal’s properties 
related to its geomechanics, swelling/shrinkage, and reservoir boundary condition. 
The review of isotropic model provides the background about the important parameters that defines 
the permeability in the coal seam gas reservoir. Now the following review of anisotropic model will 
provide the insights about the parameters that can be used to estimate the directional permeability of 
coals. 
2.2.2 Anisotropic permeability model 
The physical bases of anisotropic models are similar to the isotropic model with the addition of 
directional behaviour. 
An anisotropic coal permeability model was developed by Gu and Chalaturnyk (2010) by considering 
cleats and matrix as an equivalent continuum elastic medium, anisotropy in matrix shrinkage/ 
swelling, thermal expansion and mechanical parameters. The authors pointed out the limitations of 
analytical permeability models, such as (Seidle and Huitt 1995, Levine 1996, Palmer and Mansoori 
1998, Shi and Durucan 2003), that these model consider permeability as isotropic in the whole 
production life which is not the case because face and butt cleats respond differently. Secondly, these 
analytical models assume that the total volume of coal remains constant by considering that 
decreasing the matrix volume by desorption will increase the cleat volume by equal magnitude 
(uniaxial strain condition). This may be true in the horizontal direction where the bulk strain is 
assumed to be zero, but not in the vertical direction where overburden pressure constantly compresses 
the bedding plane direction. Moreover, it is generally incorrect to assume coal mechanical properties 
behave isotopically. The model is given below, and it was solved using the tabulated data applicable 
to a well given in the same literature, 
 
3
,
,
,,
, , ,
1
1
jn
j
f j
m ji
m jt ti o
L j f j L j
j
a
bk
bk
a
 
   
 
    
 
Equation 2-59 
 
35 
 
Where,  
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moreover, 
∆ϵL
t = total change in linear strain  
∆ϵLS = linear strain due to effective stress 
∆ϵLD = linear strain due to sorption 
A thermal-poro-elastic equation was used by  Wang, et al. (2009) to develop a permeability model 
for CBM and CO2-enhanced CBM recovery by considering the mechanical strain and treating 
sorption induced strain equivalent to thermal strain. Wang, et al. (2009) described the directional 
permeability by dividing an ideal block of coal in distinct geometry each representing the flow along 
the face cleat, but cleat and in the bedding plane, as given in Figure 2-19, then for each geometry the 
permeability can be calculated separately. 
 
Figure 2-19: Decomposition of an ideal coal block in the flow direction based geometry (Wang, et 
al. 2009). 
Following the general principles of flow in porous media as defined in the literature (Louis 1972, 
Bear 2013),  Wang, et al. (2009) considered the flow in the fracture as transitional flow to model the 
permeability as, 
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Equation 2-62 
 
The first and second term of right-hand side represents the strain due to mechanical stress while the 
third term represents the sorption-based stain. 𝜁𝑖 is a contribution proportion factor and is found from 
stress-strain and geometrical features of the coal volume element. This model also avoids the 
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traditional cube power porosity-permeability relation to calculate the permeability. The model was 
tested against the commonly used permeability model (Palmer and Mansoori 1998, Shi and Durucan 
2005) and the authors claim it to more accurately reproduce the experimental data, as shown in Figure 
2-20. Further the results from true tri axial rig experiments were also applied to validate the model. 
 
Figure 2-20: The result of the model comparison for the experimental data (Wang, et al. 2009). 
By extending previous work a general porosity and permeability model was developed by Wu, et al. 
(2010) for variable stress conditions including an anisotropic permeability model, using the 
assumptions of Zhang, et al. (2008) to define the evolution of gas sorption induced permeability 
anisotropy under the in situ conditions. Further, the permeability model was coupled with the coal 
deformation, gas flow and transport in matrix and fracture systems. The dual porosity network 
considered in this study included the complex interaction of pressure on strains, as shown in Figure 
2-21.  
An anisotropic permeability model was derived based on the cubical porosity-permeability relation, 
as given below, 
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Where i represent the anisotropic directions. 
An anisotropic permeability model was developed by Pan and Connell (2011) based on the change 
in strain in different directions. In this model, the change in strain was included as contributed by the 
stress in principle direction as well as two components from the lateral directions, obtained from the 
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Poisson’s ratio. The directional swelling/shrinkage was also considered, as given by the following 
equation,  
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Equation 2-64 
 
 
The exponential model of Shi and Durucan (2004) was used to relate stress with permeability. 
 
 
Figure 2-21: Coal representation as dual porosity medium (left) and complex interaction of pressure 
and strain (right). 
By combining the effect of swelling strain with effective mechanical stress Chen, et al. (2012) 
developed an anisotropic coal permeability model. The natural strain was used to simulate the effect 
of mechanical stress on fractures while swelling strain was used, by defining partition ratio to model 
the fracture aperture reduction. Using the cubical relationship between the porosity and permeability 
the following permeability model was derived, 
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Although the anisotropic model utilizes similar parameter (such as cleat compressibility, 
swelling/shrinking parameters etc) such that used in the anisotropic model. However, these 
parameters are required separately for each direction, burdening the additional data requirement 
which is already a challenging task even for isotropic models. For example, Wang, et al. (2014) have 
used twenty-one different parameters from three different research paper (even three parameters were 
assumed) in his anisotropic model. Which not only shows that difficulty for getting the parameters 
but using properties of different coals in the model may also bring the question to the reliability of 
the predicted permeability. This is why a permeability model is highly desired that is simple to use 
and do not require a large number of parameters, provide a reasonable permeability estimation. 
2.3 Core holders for measuring the permeability of the coal sample 
The concept of using cubic samples and applying directional stresses to study the anisotropy of coal 
permeability in experiments has been recorded in the literature. For example, Pomeroy and Robinson 
(1967) used a 51.8 mm coal cube to measure absolute permeability using water across the face cleats 
and butt-cleats.  Hydraulic jacks were used to apply the confining pressure in biaxial directions.  
Figure 2-22 shows that the confining pressure was applied only in a direction, perpendicular to flow, 
and the applied stress in the flow direction is due to the pressure of water (the permeability fluid). A 
limitation of the Pomeroy type of experimental setup is that there is no control over the stress in the 
flow direction and no measurement of strain, so it was not applied to study the swelling effect of 
methane gas. Secondly, this type of apparatus cannot represent boundary conditions of constant stress 
or constant volume as there is no control over the stress in the flow direction.  
Based on the similar concept used by Pomeroy and Robinson (1967), in 2002 Massarotto and Rudolph 
(Massarotto 2002) built a True Triaxial Stress Coal Permeameter that can hold large coal samples of 
different dimensions: 25mm, 40mm 80 mm and 200mm cube; 80 × 80 ×160 mm block. Massarotto 
and Rudolph’s apparatus can apply independent stresses in three directions and can manage constant 
volume, constant stress and stress anisotropy cases. This apparatus is also equipped with instruments 
to measure strain in three orthogonal directions. Although the large samples sizes used in this 
instrument may give a more representative permeability of the reservoir, the challenge with the 
existing Massarotto and Rudolph’s apparatus is the difficulty associated with obtaining and testing of 
large coal samples (Massarotto 2002), and the rather complex experimental setup. 
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Figure 2-22: Use of cubic coal sample to measure permeability (a) across bedding plane direction 
and (b) in face cleat direction (Pomeroy and Robinson 1967). 
Researchers generally favour  use of a core flooding type experimental setup, which is similar to 
Hassler sleeve, to measure the permeability of coal (Dabbous, et al. 1974, Somerton, et al. 1975, Rose 
and Foh 1984, Durucan and Edwards 1986, Seidle and Huitt 1995, Harpalani and Chen 1997, 
Robertson 2005, Mazumder, et al. 2006, Pini, et al. 2009, Huy, et al. 2010, Pan, et al. 2010, Kiyama, 
et al. 2011, Connell, et al. 2016), but this too has limitations. First, they invariably use cylindrical 
cores that cannot be rotated to measure permeability in any but the core axial direction. Secondly, the 
due to the way cores are obtained, the permeability measured is that in the bedding plane direction, 
not the major direction of flow interest in the reservoir. In order to measure face cleat and butt cleat 
permeability, smaller plugs are usually cut from the cylindrical cores, but these are obviously limited 
in size and so may or may not have sufficient cleats in them to represent the properties properly. 
Moreover, the measured deformation, due to stress and sorption, in cylindrical coordinates become 
quite tedious to resolve with arbitrary cleat orientation. Additionally, most experimental setups use 
hydrostatic confining pressure to apply the external stresses, which may not represent the reservoir 
stress conditions. Moreover, the measurement of strains while conduction permeability experiment is 
always been difficult using the sleeve in these apparatus. 
Therefore, to avoid the measurement problem associated with traditional core holder, a new triaxial 
stress permeameter was designed and constructed as the first research objective of this thesis. 
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2.4 Literature review summary 
Several key deficiencies with respect to the models and parameters that are necessary for them may 
be identified from the review provided above.  
Almost all the models use constant values for mechanical properties of coal, including, e.g. modulus 
of elasticity and Poisson’s ratio. However there is significant evidence that this is not correct and 
measurements have shown that coal hardens as the confining stress increases (Massarotto 2002, 
Gentzis, et al. 2007). It seems unlikely that a single  Poisson ratio would be suitable, given the known 
anisotropy of coal, though some of the models have been modified to account for this (but not for a 
variable Poisson ratio with compression). Mostly in the literature, the cleat compressibility is 
calculated by back fitting it to permeability measurement which reduces its importance as it required 
to either measure permeability in the laboratory or from the field data. Therefore as a second research 
objective of this thesis, the stress-dependent modulus of elasticity and cleat compressibility is 
calculated across the face, butt and bedding plane directions. A novel method is established that 
avoids fitting cleat compressibility to permeability measurement. This method calculates cleat 
compressibility without fitting it to a permeability measurement. 
Although the effect of effective stress on the permeability is established, how different reservoir 
boundary conditions resolve these stresses has not been thoroughly investigated in the literature. Most 
of the permeability models, both isotropic and anisotropic, are based on some boundary condition 
such as uniaxial strain; constant stress; and constant volume boundary condition. These boundary 
conditions play a vital role in the dynamics of the permeability in coal seam reservoir. Also, the 
detailed behaviour of coal anisotropic permeability concerning boundary conditions is also missing 
from the literature. Specifically, the swelling strain is often used without explicitly accounting for the 
various boundary conditions, which may lead to erroneous outcomes. This shortfall in the literature 
is analysed as a part of the third research objective, namely the effect that constant stress and constant 
volume boundary conditions have on permeability evolution. It is also showed as a part of this 
objective that the swelling strain coefficient is quite different for constant stress and constant volume 
boundary conditions.  
The literature review also shows that a large number of parameters (i.e. geomechanical, sorption, 
porosity and others) are required to model the anisotropic permeability, which brings the added 
problem of determining proper values for these many physical properties. Generally, the anisotropic 
permeability estimation requires the same parameters as isotropic, but individually for the three 
orthogonal directions. This often means that in practice it is necessary to source these parameters 
from multiple different experiments, often on different coals or even other materials, which eventually 
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makes these models unreliable. This aspect of coal permeability sets up the fourth research objective 
of this thesis, namely the development a simple, time and cost effective method to extract anisotropic 
stress-dependent parameters from coal core or cutting samples.  
.  
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Chapter 3 Coal characterisation and description of the triaxial stress 
permeameter 
This chapter describes the coal studied in the thesis, the custom-built triaxial stress permeameter 
(TSP), and the methods used to measure permeability and strain at a range of stress conditions in the 
experiments reporting in Chapters 4, 5, and 6. Section 3.1 provides a summary of the key geological, 
petrographic and physical properties of the coal sample UQ-B1 and a summary of reservoir conditions 
provided by the industry partner. Section 3.2 describes the design features and main components of 
the TSP. Lastly, the procedures to measure the permeability of a rock sample in the TSP are detailed 
in Section 3.3. This chapter also serves to fulfil the first research objective of the thesis. 
3.1 Characterisation of the coal UQ-B1  
A coal seam gas industry partner supplied a coal core collected from the 'Lower Jundah' formation of 
Surat Basin at a depth of 178.32 mMD to 178.50 mMD. For commercial reasons, the partner requested 
that the exact location of the coal source by field name or well identifier remain unidentified in this 
thesis or related publications. The industry partner provided petrographic analysis, and data on the 
reservoir conditions, in-situ gas content measured by a canister desorption test, and the parameters 
for a Langmuir isotherm. Other general characterisation measurements including most importantly 
mercury intrusion porosimetry (MIP), and helium pycnometry were conducted as part of the work of 
this thesis.  
The dimensions of the received core, as shown in Figure 3-1(a), were ~180 mm length and 63.5 mm 
diameter. The core was cut into two pieces about 90mm long each using a 24” diameter × 0.1” thick 
slab saw. Then, each half-core piece was machined into 40 mm cubes: UQ-T1 shown in Figure 3-1(b) 
and UQ-B1 shown in Figure 3-1(c). Because this coal is relatively brittle, the cutting broke some 
edges of the coal cubes, which were rebuilt using plastic bond (Selleys Plasti bond). The broken 
pieces most likely were associated with cleats or crack (or at least weak zones) in the coal, but since 
these effectively lead to dead-ends at the surface when the sample is mounted in the permeameter, 
the effect of the reconstruction (which was in any case not major) on permeability should be very 
small indeed. The stress-strain behaviour may be affected, but the Pasti-bond filled crack would act 
much like an infilled cleat, so once again the overall consequence on the measurement should be quite 
small. 
The permeability-stress-strain measurements reported here were made on UQ-B1 because this sample 
was less damaged after cutting than UQ-T1. Visual inspection of the coal sample UQ-B1 shows 
around 4-5 cleats in what is taken as the face cleat direction and 2-3 cleat in butt cleat direction. Since 
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the cleat directions are assessed on the whole core, the cleats are almost orthogonal to the cube faces, 
which would be the preferable directions for cutting. 
 
Figure 3-1: (a) As received 63.5 mm coal core, (b) 40 mm cube UQ-T1, and (c) 40 mm cube UQ-B1. 
The cubes are shown in these photographs with the bedding planes parallel to the laboratory bench. 
Table 3-1 summarizes the petrographic analysis of the core, as provided by the industry partner. The 
maximum reflectance of the coal was Ro,max = 0.44%, which would be classified as sub-bituminous 
dull-banded coal according to American Society for Testing Material standard D388-12 (Standard 
2012). Scott et. al (Scott, et al. 2007)  reported the mean reflectance for Juandah coal measures of 
0.43% which is quite close to the reflectance of coal sample UQ-B1. The dominant macerals in the 
coal were 54.2 vol.% liptinite (suberinite) and 45.6 vol.% vitrinite, with a small concentration of 
inertinite. The average maceral analysis (Scott et. al (Scott, et al. 2007)) for Juandah coal measures 
is reported to be 7.6-33vol.%mmf for liptinite and 62.4-86vol.%mmf for vitrinite, which shows that 
coal sample UQ-B1 contain a higher quantity of liptinite and lower quantity of vitrinite than average. 
The ash content of the coal was measured as 36.8 %wt, compared with 28wt.% average reported by 
Scott et. al (Scott, et al. 2007) these coals.  
Table 3-1: Petrographic properties, reflectance, ash and moisture contents of coal sample UQ-B1. 
The ash and moisture were measured using proximate analysis, and hence the mineral contents and 
ash contents almost represent the same quantities present in the coal. 
 Vitrinite Reflectance (Ro,max%) 0.44 
Maceral analysis 
Vitrinite Vol % (mmf) 45.6 
Liptinite Vol % (mmf) 54.2 
Inertinite Vol % (mmf) 0.3 
Proximate analysis Ash (% weight) 36.8 
 Moisture (% weight) 7.2 
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3.1.1 Porosity characterization 
The porosity of small off-cuts from UQ-B1 was determined from the skeletal density (ρskel) measured 
by helium pycnometry (Micromeretics AccuPyc II 1340) and the bulk density (ρbulk) determined from 
mercury intrusion porosimetry (MIP, Micromeretics AutoPore IV9520). The total accessible porosity 
(Ф) of the UQ-B1 off cuts listed in Table 3-2 and calculated to be 6.79%. Lagendijk (Lagendijk and 
Ryan 2010) reported the porosity of Surat Basin coal between 2% to 3.5 for Tipton west, and Kogan 
north fields, which is quite low compare to the porosity of coal sample UQ-B1. However, these 
porosities are calculated by matching peak water rates (not including meso- or micro-porosity) and 
may not be used to compare head to head with MIP data due to the difference in measurement 
procedure. Table 3-2 was calculated using Equation 3-1 from the skeletal density  sk  and the bulk 
density  bk . 
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Equation 3-1 
 
Before helium pycnometry and mercury porosimetry measurements, the samples were dried in an 
oven at 80oC for 24 hrs. In the helium pycnometer the coal was purged with helium 50 times to 
remove air and moisture, and then the skeletal density was determined from the mean of ten 
measurements. For the MIP, the sample was evacuated in-situ to a low-pressure level of 50 μmHg, 
and this pressure was maintained for 10 min. MIP also provides the pore size distribution, making 
certain assumptions, including the mercury-coal contact angle, which was set at 130 o and the pores 
are taken to be cylindrical.  
Table 3-2 summarises the helium pycnometry and MIP results. The total pore volume was estimated 
from the mercury volume injected at 415 MPa as shown in Figure 3-2. Figure 3-3 shows the pore size 
distribution of UQ-B1 off-cuts determined from the MIP. Most of the incremental volume is in pores 
less than 0.1 µm width, and only small volume is found in larger pores.  
Table 3-2: Porosity of coal sample UQ-B1 determined from helium pycnometry (AccuPyc II 1340) 
and mercury intrusion porosimeter (AutoPore IV9520). 
Property Value 
Skeleton density (g/cm3) 1.5033 ± 0.006 
Bulk density (g/cm3) 1.4012 ± 0.006 
Pore volume (cm3/g) 0.048 ± 0.0029 
Total accessibility porosity (%) 6.79 ± 0.06 
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Figure 3-2: Cumulative intruded pore volume of mercury over the pore radius and mercury injection 
pressure range.  
 
 
Figure 3-3: Incremental intruded pore volume of mercury over the pore radius and mercury injection 
pressure range.  
 
46 
 
3.1.2 Summary of reservoir conditions   
Table 3-3 provides a summary based on data provided by the industry partner of the stress conditions 
and pore pressure of the CSG reservoir at the location where UQ-B1 was collected. Pore pressures in 
the target coal seam calculated from dual packer testing during pressure drawdown build-ups at five 
intervals were 1.51 MPa. The minimum stress in a horizontal direction calculated based on closure 
pressure during Diagnostic Fracture Injection Testing (DFIT) was σHmin = 3.59 MPa, the maximum 
stress in a horizontal direction was σHmax = 4.78 MPa, and the overburden stress at this depth was 
estimated as σv = 3.98 MPa. The breakout indicates the orientation of minimum stress to be 153o-332o 
East-West, therefore, maximum stress direction is roughly 62o-242o East-West. 
Table 3-3: Minimum and maximum horizontal stress, vertical overburden stress, and pore pressure 
at a depth of 178.5 m in the coal seam from which coal UQ-B1 was collected.  
Sample depth (Rotary table) mRT 178.5 m 
σHmin 3.59 MPa 
σHmax 4.78 MPa 
σv 3.98 MPa 
Pore pressure (PP)  1.51 MPa 
3.1.3 Gas content and Langmuir isotherm parameters 
The gas content of the coal core measured by a canister desorption test (Australian Standard, AS3980-
1999) performed at the time of collection and before UQ received the core. The gas content was 
1.58m3/t (1.58 cm3/g) as analysed from the core, including the lost gas contents during handling and 
sealing of the coal core in the canister. On a dry, ash-free basis the desorbed gas volume is 2.27 m3/t. 
Scott (Scott, et al. 2007) reported the mean gas contents of Juandah coal measures  as analysed 
=2.74m3/t (min=0.61m3/t, max=9.85m3/t, std.dev=1.81m3/t)  or 4.93m3/t on a daf basis 
(min=1.51m3/t, max=14.48m3/t, std.dev=2.24m3/t) which shows that the gas content in coal sample 
UQ-B1 is toward the minimum side based on Scott’s  sampling and statistics of 448 counts. Noting 
the high ash contents of 36.8wt.% in the UQ-B1 sample, compared to average to 28wt.% of ash in 
Juandah coal (Scott, et al. 2007), comparison on a daf basis is closer to average, but still on the low 
side.   
The composition of the desorbed gas from this particular core was not measured, but gas compositions 
from nearby locations in the same seams provide a methane-rich gas (>98%) with minor CO2 and N2 
(Hamilton, et al. 2012). Hamilton(Hamilton, et al. 2014) for example analyzed gas from Juandah coal 
measures from 10 different depths (260.9m to 413.2m) and reported the gas contents of 94.6-99.7%, 
0.24-0.96% and 0-4.18% of CH4, CO2, and N2, respectively.  
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The industry partner provided methane Langmuir adsorption isotherm parameters at 32oC measured 
by a gravimetric adsorption method for the coal core up to 8 MPa obtained from regression of 
Equation 3-2. The measurements were made on offcuts of coal adjacent to the material used for the 
permeability-stress-strain testing.  
L
gas
L
V P
V
P P


 Equation 3-2 
 
Where Vgas is the gas content (cm
3/g), P is the equilibrium pressure (MPa), with VL (cm
3/g) and PL 
(MPa) obtained from the fitting Equation 3-2 to the experimental data. The regressed parameters 
provided by the industry partner are listed in Table 3-4  on an as analyzed basis (equilibrated with 
water vapour at 20C), and on a daf basis. 
Table 3-4: Langmuir 32oC methane isotherm parameters for coal core from which UQ-B1 was cut. 
 PL (MPa, abs) VL (cm
3/g) 
As analysed 4.6 10.8 
d.a.f. 4.6 19.29 
Methane adsorption isotherms on total coal mass and daf basis calculated from the Langmuir 
parameters are shown graphically in Figure 3-4. The gas content from the canister desorption tests 
are also shown in Figure 3-4, indicating that the coal is considerably under-saturated. It may also be 
noted that the water vapour pressure in the measured isotherm is 2.33kPa (@ 20oC, RH = 100%), but 
may be rather higher in the reservoir (e.g. 4.75kPa at 32oC, the reservoir temperature). Consequently, 
the “as analysed” isotherm in Figure 3.4 may over-estimate the methane sorption capacity of the coal 
at reservoir conditions. 
 
Figure 3-4: Comparison of Langmuir isotherm data (as analyzed and daf) shows a considerable 
difference with each other, as well as measured gas contents by canister test (as analysed). 
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3.2 Description of the triaxial stress permeameter (TSP) 
The triaxial stress permeameter (TSP) consists of four main components: the core holder; the gas 
flow system; the instrumentation; and the data logger. A simplified diagram of TSP is given in Figure 
3-5. The core holder is designed to take a 40 mm cubic sample and can apply independent stresses in 
horizontal and vertical directions up to 14.0 MPa. The gas flow system controls the pressure of the 
gas on both upstream and downstream lines of the sample and measures mass flow rate of gas at the 
downstream of the sample. The instrumentation is used to measure the pressures, temperature, the 
flow rate of the gases flowing through the sample and strain gauges to measure the deformation of 
the sample. All the data is logged using LabView software and subsequently used to calculated 
permeability and stress-strain on the sample. The detail of each component of TSP is given in the 
following sections. 
 
Figure 3-5: Flow diagram of Triaxial stress permeameter (TSP). All six major flow lines necessary 
to conduct permeability-stress-strain experiments are given. A close-up schematic of the TSP 
extracted from its fabrication drawing is given in Figure 3-6. 
 
Thermal insulation with heating tape
Coal 
sample
Upper 
packer
Lower 
packer
T
ri
a
x
ia
l 
st
re
ss
 p
er
m
e
a
m
et
er
Heat shrink sleeve
He CH4
P1
T
Water tank
Pa
Upstream gas 
flow line
Axial pressure
flow line
Relief valve
Vent
Pc
Confining pressure
flow line Water tank
Downstream gas 
flow line
P2
Pressure
regulator
Back pressure
regulator
Flow meter
qenv
Strain gauge
   Axial Pressure
Confining pressure
Drain
49 
 
3.2.1 Core holder  
The core holder comprises a core holder body, a top seal cap, a core holder base, a restraint system 
and a coal sample assembled between upper and lower packer, as shown in Figure 3-6.  The core 
holder constructed of 304L stainless steel and has maximum working pressure and temperature of 
14MPa and 100oC. There are several nozzles in the core holder as marked in Figure 3-6. These nozzles 
are in the core holder body, top seal cap, and the core holder base. These nozzles connected with 
various flow lines for the fluids, temperature transducer and strain gauge wiring as shown in Figure 
3-6 and 3-6. 
The cubic coal sample is assembled between the upper and lower packer as shown in Figure 3-6. The 
upper and lower packer serve as gas inlet and outlet of the coal sample, respectively. An impermeable 
heat shrink sleeve wrapping (clear HSP1 Heat shrink 60mm diameter, shrinking down to 30mm, 
Hilltop products insulation sleeving Ltd) is used around coal sample and upper/lower packer to hold 
them together in a single assembly. The heat shrink sleeve also serves as a seal to separate gas flowing 
inside the sample from surrounding confining fluid.  
The sample assembly is inserted into the core holder body from the top side by the specific positioning 
of lower and upper packer. The bottom conduit of the lower packer is inserted into the core holder 
bases. The restraint system on the upper packer is inserted into its counter restrain holes in the core 
holder body. The restraint system on the upper packer comprises two vertical bars, as shown in Figure 
3-6. When these bars inserted in the restraint hole of the core holder body, they prevent the rotation 
of the sample assembly when the top seal cap is screwed down into the core holder body. 
The horizontal and axial stresses on the sample are applied by injecting confining fluid (typically 
water, but other fluids may also be used) into the core holder body through nozzle 7 and 10, 
respectively. The stresses are applied using the Teledyne ISCO syringe pumps (260D). The gas is 
injected into the core holder through nozzle 1. The gas further passes into the sample via a 6mm 
diameter hole in the upper packer. Similarly, the gas leaves the core holder via nozzle 2 after passing 
through the sample and the hole in the lower packer. 
A temperature control system is used to maintain the temperature at the desired level (generally the 
reservoir temperature) inside the TSP. The temperature control system is composed of a “Gecko box”, 
heating tape and a resistance temperature detector (RTD) located in the confining fluid that surrounds 
the sample, through nozzle #6. Details are given in Table 3-6. The Gecko box is a PID controller that 
controls the power to the heating tape through temperature feedback from the RTD, maintaining the 
set-point temperature within ±0.1oC. The heating tape is 1.5 meters long and 0.03 m width and 
wrapped around the core holder body. The heating tape covers more than 80% of the core holder body 
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and can heat up to 260 oC. Thermal insulation is wrapped on top of the heating tape to insulate core 
holder from ambient temperature fluctuations. The temperature (T) of the core holder (or more 
precisely the confining fluid inside the core holder) is measured continuously using the RTD.  
A relief valve system is installed on nozzle #11 is installed as an overpressure safety device. The core 
holder is designed to withstand 14.0 MPa of pressure.  
 
Figure 3-6: Schematics of the Triaxial stress permeameter test rig (TSPRT) showing its main 
components, coal sample, strain gauges/wiring, and various nozzles.  
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3.2.2 Gas flow system  
The gas flow system is used to calculate the coal permeability through Equation 3-3 by measuring 
the gas flow rate, temperature and upstream/downstream pressure, 
7
2 2
1 2
1 10
60 ( )
ref envP q L
k
A P P
 
  
 
 
Equation 3-3 
 
Where k is permeability (md), Pref is  reference pressure (typically atmospheric pressure, bar), μ is 
dynamic viscosity (Pa.s), qenv is the flow rate of gas (ml/min) at Pref and Tref (30
oC), L is length of 
sample (40 mm), A is the cross-section of sample (1600 mm2), P1 and P2 are upstream and 
downstream pressure (bar), respectively. As the instruments were supplied with the default units of 
the bar, therefore, gauge pressure conversion is applied to values before using Equation 3-3. A 
conversion factor of 10,000,000/60 is used in Equation 3-3 to ensure the permeability unit in milli-
Darcy (md). 
To show the use Equation 3-3, a sample helium gas permeability (k) =0.0802 mD is calculated by 
using values given in Table 3-5. 
Table 3-5: List of values used to calculated helium permeability by Equation 3-3. 
Measured quantities Constants 
P1= 15 bar L=40 mm 
P2=14 bar A=1600 mm
2 
qenv =25 ml/min (@ Pref & 30
oC) Pref=1.10325 bar 
μHe =20.742×10-6 Pa-s  
The permeability measurement is done by maintaining a set pressure drop  1 2P P P     over the 
sample and then measuring the gas flow rate. The pressure drop is typically quite small (within few 
‘bar’) that sets the average pore pressure 1 2
2
P
P P
P
 
 
 
  relatively close to both upstream (P1) and 
downstream (P2) pressure and hence the effective stress  eff c PP P     is easier to adjust to a specific 
value. The pressure (P1 and P2) and gas flow rate (qenv) are measured using pressure transducers and 
mass flow meter mounted on upstream and downstream gas flow lines, as shown in Figure 3-5. The 
detail about the pressure transducer, temperature RTD, and flow meter are given in Table 3-6. Helium 
(99.995% purity) and methane (99.999% purity) gases were used to measures the permeability that 
was supplied by the Coregas. The viscosity (μ) of the gas is calculated using Refprop software using 
the average pore pressure (PP) and temperature (T) of the gas as an input. 
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Table 3-6: Instruments used to operate, measure and record the flow and stress-strain data for the 
TSP. 
Instrument type range Unit Make Model Resolution 
Pressure 
Transducer 
0-100 bar Ecefast GM-3100BB-100 0.25% full scale 
Flow Meter 0-500 ml/min MKS GM50A-013-
502-A-H-3-0-10 
±1% setpoint for 20 to 
100% full scale 
Temperature 
transducer 
0-230 oC Omega RTD-NPT-72-E-
1/8 
High accuracy, 100Ω, 
Thin-Film, 
Class“A”DIN Platinum 
elements 
 
Back pressure 
regulator 
0-170 bar Equilibar EB1ULF1 ultra 
low flow 
0.5% full scale 
Syringe pump 0-500 bar Teledyne 
ISCO 
260D ±0.01MPa 
Gecko box PID controller - ECEFAST EC-GECKO-
RTD 
±0.1oC 
Heating tape 260 oC Omega HTWC102-004 N/A 
Strain gauge maximum 
strain 
measured=4% 
strain Showa 
 
N11-FA-5-120 0.015％/℃ 
3.2.3 Stress-strain (σ-ε) measurement of the coal sample 
The mechanical stress was applied to the sample in both axial (vertical, parallel to the gas flow 
direction) and lateral (horizontal, perpendicular to the gas flow direction) directions by using two 
ISCO pumps (260D), one in each direction as shown in Figure 3-5. The pump pushes the high-
pressure water into the rig using a pressure controlled servo motor piston. In the lateral direction, the 
water applies the pressure to vertical four faces of cubic coal sample to mimic the horizontal stresses. 
As mentioned earlier that water separated from coal sample by a thin heat shrink sleeve that wrapped 
around the sample/packer assembly. In axial direction, the ISCO pump pushes the water on top of 
upper packer that transmits the applied stress on two horizontal faces (top and bottom faces) of cubic 
coal sample. The pressure transducers mounted on confining and axial pressure fluid system measures 
the corresponding confining pressure (Pc) and axial pressure (Pa).  
Strain gauges used to measure the deformation of coal sample by sticking them on three orthogonal 
faces, as shown in Figure 3-7. Foil type strain gauges from Showa were used. These have gauge 
length, gauge factor and gage resistance of 5mm, 2.1 and 120 Ω, respectively. These strain gauges 
can measure a maximum strain of 4% and are sensitive enough to measure the deformation of the 
coal sample. The size of the strain gauge is 9.5×3.5mm, suitable for 40 mm cubic samples. 
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Further details about the strain gauges are given in Table 3-6. The terminals of the strain gauges are 
soldered to instrumentation wiring. These connecting wires pass through inside of the upper packer 
and are taken out from the core holder through nozzles 3, 4 and 5, as shown in Figure 3-6. The strain 
gauges were calibrated in LabView using ‘strain gauge calibration wizard’ by enabling offset nulling 
and shunt resistor calibration. 
Three strain gauges were mounted on three orthogonal faces of the coal sample to measure the three-
dimensional strain, as shown in Figure 3-7. Since the sample was cut orthogonally to the cleat system, 
therefore, these strain gauges ε1, ε2, and ε3 automatically mounted across face cleat, butt cleat, and 
bedding-plane directions, respectively. As the fractures and cleats are by far the weakest parts of the 
coal, so compression will tend to close these and expansion will open them. The coal matrix itself is 
comparatively unresponsive to the stress. Therefore, the strain measurement consequently reflects 
primarily changes to the fracture width. This way of strain measurement also gives the most easily 
interpreted measurement of the cleat compressibility.  
 
Figure 3-7: Placement of strain sensors (ε1, ε2, and ε3) on the cubic coal sample with respect to flow 
direction, cleat orientation, and bedding plane. Cleats are shown by lines while the layers of gray 
shades showing the bedding plane. Strain gauge-ε2 mounted on the front face, while strain sensor ε3 
mounted to the opposite face of ε2’s face. 
The direction of coal sample relative to the strain gauges is shown in Figure 3-7 and in Table 3-7. In 
Figure 3-7 the sample is oriented in the rig in such a way that permeating fluid is passing parallel to 
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face cleat. Two strain gauges are mounted to measure strain perpendicular to the flow direction but 
at right angles relative to each other, while the third measures parallel to flow direction.  
Table 3-7: The orientation of strain gauges with respect to butt cleat, face cleat, and bedding-plane 
direction. Also, the direction of strain sensors with respect to the flow direction of permeability fluid 
stated, that further shown graphically in Figure 3-7. 
Strain gauge Face cleat Butt cleat Bedding plane TSP orientation 
ε1 ⊥ = = Perpendicular to flow and ε2 
ε2 = ⊥ = parallel to flow direction 
ε3 = = ⊥ perpendicular to flow direction 
* ⊥ (perpendicular), = (parallel) 
3.3 Operating procedure to measure the permeability 
After cutting the core to provide a 40 mm cubic coal sample, the strain gauges are stuck on the 
respective face cleat, butt cleat, and bedding-plane directions as shown in Figure 3-7. The strain 
gauges are installed using M-bond 200 adhesive kit. This adhesive kit consists of a CSM degreaser, 
silicon carbide paper, M-prep conditioner A, M-prep neutraliser 5A, gauge sponge, and gauge 
installation tap.  
Initially, the coal surface is prepared by rubbing a small quantity of degreaser on the surface of coal 
where strain gauges are to be installed. Then gauge sponge is used to wipe out all the degreaser from 
the surface. The strain gauge, with some protective tape placed on the exposed side to protect it while 
handling and gluing, is then pasted to the coal surface using M-bond adhesive and a catalyst. The 
strain gauge is gently pressed on the surface for few minutes, following which the protective tape is 
removed. Once the adhesive is completely dried a protective coating of polyurethane (M-coat A kit, 
~ 0.1-0.25mm thickness) is applied to the top of the gauge to protect it from mechanical damage. A 
picture of a strain gauge mounted on the face cleat direction of the coal sample is given in Figure 3-8. 
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Figure 3-8: A strain gauge mounted on the face of the cubic coal sample. The end terminals of the 
strain gauge are connected with the instrumentation wiring for signal processing and data logging. 
Strain gauges are connected to the strain/bridge input module which amplifies, measures and logs the 
strain signals. There are three wires connected to each strain gauge. Two wires are connected to one 
terminal, and the third wire is connected to the other terminal of the strain gauge. These wires are 
then passed through the ports inside the upper packer, Figure 3-6. After passing the wires through the 
ports, the ports are seals using the Araldite (Selley's super strength Araldite) and left to dry for 
approximately 3 days, Figure 3-9. The strain gauge wires are then passed through nozzle 3, 4 and 5 
of core holder, as shown in Figure 3-6. These ports are then also sealed with Araldite. 
 
 
Figure 3-9: The Araldite (Selley's super strength Araldite) use to seal the wiring ports in the upper 
packer. The Araldite allows the strain gauge wire out from the sample while restricting the confining 
fluid water flow inside the sample assembly. 
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The strain/bridge input module system which is used signal conditioning and power supply purposes 
consist of a quarter bridge completion circuit for 120 ohms’ strain gauge (NI 9944), RJ 50 cables, 
strain measurement device (NI9237) and a compact DAQ chassis (cDAQ 9171). A schematic of the 
assembly is shown in Figure 3-11. 
 
Figure 3-10: A schematic of strain gauge connections with the computer for measurement logging. 
The strain gauge connected with a quarter bridge circuit using an instrumentation wiring. The 
quarter bridge circuit is connected to strain measurement device (NI 9237+NI 9171) using a shielded 
high-speed ethernet cable (RJ 50). Further, the chassis connected to the computer using a USB cable. 
 
Figure 3-11: The graphical user interface (GUI) of LabView software developed by the Author 
showing the strain gauge measurements. The Top row of graphs is showing the 1hr data of strain 
gauges in the face, butt, and bedding-plane direction, while the second row is showing the 1 min data. 
The bottom graph is showing the volumetric strain. The table on the top right side is displaying the 
current strain gauge readings. This picture is just to show the LabView GUI, as no experiment was 
running when this picture was taken. 
The sample assembly is prepared by placing the sample between the upper and lower packers. A heat 
shrink sleeve is wrapped around the coal sample which also covers the part of the upper and lower 
packers. Both ends of the heat shrink sleeve are covered with aluminum tape to prevent confining 
fluid to seep inside the sample, as shown in Figure 3-12. The sample assembly is lowered into the 
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core holder body by inserting the conduit of the lower packer in the core holder base and restraint in 
the upper packer in the restraint holes in the core holder body. The top seal cap is screwed in the core 
holder body. Further, all the nozzle connection are made to the upstream/downstream gas flow 
system, confining/axial fluid lines, drain lines and relief line according to Figure 3-5. After the sample 
is assembled in the core holder and all the necessary flow and instrumentation connection are done, 
the setup is ready to measure the permeability of the coal sample.  
The permeability of the coal sample is measured by adjusting the confining pressure (Pc) and 
upstream/downstream gas pressure (P1 and P2) to the desired magnitude. For example, to calculate 
permeability of the coal sample at 4.0 MPa of confining stress (Pc=4.0 MPa) and 1.5 MPa of pore 
pressure (Pp=1.5 MPa), initially the core holder is pressurized to 4.0 MPa by using the ISCO syringe 
pump mounted on confining pressure fluid system line, as shown in Figure 3-5. 
 
Figure 3-12: The coal sample UQ-B1 is assembled between the upper and lower packer. A heat shrink 
sleeve is wrapped around the sample and also on some portion of upper and lower packer. The end 
of the heat shrink sleeve is closed using the thin aluminium tape.  
Normally confining pressure is increased in the steps of 0.5 MPa, and at each pressure step, the TSP 
is check for any possible fluid leaks. When confining pressure is reached to 4.0 MPa then upstream 
gas pressure (P1) is increased. The P1 is increased by adjusting the manual Swagelok pressure 
regulator mounted on the upstream gas flow system. The P2 is increased simultaneously with P1 using 
the computer controlled back pressure regulator, as shown in Figure 3-13. During the gas pressure 
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increase, the gas flow rate is monitored to ensure that it remains well below <50 ml/min to attain the 
near laminar flow condition inside the sample.  The P2 is always kept lower than P1 to create the 
pressure difference between upstream and downstream of the sample to allow the gas flow. The 
steady confining pressure and pore pressure is maintained until the equilibrium condition is attained 
in both permeability and strain measurements. The equilibrium condition is checked by monitoring 
the change in the permeability of the sample over the period. Permeability using non-sorbing gas, 
such as helium gas, only takes 10-20 minutes, while sorbing gas, such as methane, usually takes more 
than a day to attain equilibrium. All the data presented in LabView GUI, as given in Figure 3-11 and 
Figure 3-13 is stored in a ‘csv’ file for the further post-processing. 
 
 
Figure 3-13: Graphical user interface (GUI) of data logger (LabView) developed by the Author 
displaying the various instrument measurements and calculation in different charts: permeability (k) 
in md; dynamic viscosity of gas (μ) in Pa.s; temperature of the core holder (T) in oC; upstream gas 
pressure (P1) in bar, downstream gas pressure (P2) in bar, confining pressure (Pc) in bar, and gas flow 
rate (Q) in ml/min.  The back pressure (P2) is adjusted by input the desired magnitude in the input 
dialogue box on the bottom right of the GUI. The magnitude of permeability is calculated using the 
Equation 3-3. This picture is to show the LabView GUI, as no experiment was running when this 
picture was taken. 
3.4 Summary 
The first part of this chapter describes the properties of coal sample UQ-B1 that is used to conduct 
permeability and stress-strain experiments. The sample origin is from the Surat Basin in the Lower 
Jundah formation at a depth of approximately 178.32 m to 178.50 m. The properties of the sample 
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are described in term of gas contents, Langmuir Isotherm, petrographic and porosity characterization. 
The results show that the sample contains 1.58cm3/g gas, almost all being methane. The adsorption 
experiment data is fitted to a Langmuir isotherm and provided the parameter of PL=4.6MPa and 
VL=10.8 cm
3/g. The petrographic analysis shows high ash content of 36.8 (%wt.) and Vitrinite 
Reflectance (Ro,max%) = 0.44 which characterized the sample as sub-bituminous dull-banded coal. 
The MIP measurement shows that sample bulk density and porosity is 1.4012 g/cm3 and 6.79%, 
respectively.  
The second part of this chapter describes the triaxial stress permeameter (TSP), the primary 
experimental and data analysis workflow to measure permeability and strain. The TSP designed to 
study the anisotropic properties of coal. Specific design features of the rig are to (1) hold 40 mm cubic 
coal samples, (2) apply independent stresses in axial and lateral (circumferential) directions, and (3) 
measure mechanical strain on three faces of the coal sample. A cubic sample was used, instead of a 
cylindrical core, because the cube can be rotated to measure permeability in three directions. If the 
cube is correctly cut the planes align with the face cleats, butt cleats, and bedding-plane. The 40 mm 
cube, with a diagonal of 56.5 mm, was the largest cube could be cut from standard 61 mm (HQ) 
diameter cylindrical cores. The capabilities to apply independent stresses in the notionally horizontal 
and vertical directions, coupled with the strain measurements allows the relationships between stress, 
strain, and permeability to be investigated, including consideration of the shrinkage or swelling of the 
coal matrix. 
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Chapter 4 Stress-strain measurements to determine anisotropic elastic 
moduli and cleat compressibility of coal 
This chapter presents a novel method to calculate the anisotropic and stress-dependent cleat 
compressibility of the coal. Coal compressibility is often assumed isotropic and constant in the 
literature and is obtained by numerically fitting to some permeability model, such as by (Seidle, et al. 
1992). Cleat compressibility is an important parameter to estimate the change in permeability of the 
coals as reservoir conditions change during gas production and should include the directional 
behaviour of these changes.  
The Chapter reports the measured the stress-strain behaviour of a coal sample (named UQ-B1) using 
the Triaxial stress permeameter (TSR) with hydrodynamic loading/unloading over the range 0.5-4.0 
MPa. The stress-strain measurement is used to calculate the anisotropic modulus of elasticity (E1, E2, 
and E3) and cleat compressibility (Cf1 and Cf2) in the face cleat, butt cleat, and bedding-plane 
directions.  The cleat compressibility used the additional data from Mercury Intrusion Porosimetry 
(MIP) to distribute the stress-strain measurement amoung different pore sizes. This distribution is 
accomplished by integrating fractal dimension analysis with MIP measurement. The results of 
anisotropic stress dependent cleat compressibility are used in Chapter 6 to estimate the permeability 
using a uniformly distributed random cleat model (RSM). This chapter also serves to fulfil the second 
research objective of the thesis. 
4.1 Introduction 
The anisotropic elastic behaviour of coal has been discussed in coal literature for several decades, for 
example, Szwilski (1984) reported anisotropic elastic moduli of coal measured in two mutually 
perpendicular directions, reporting values as high as E1 = 9.50 GPa and E2 = 3.61 GPa. However, 
most of the commonly used models to predict permeability in coal (e.g., (Seidle, et al. 1992, Palmer 
and Mansoori 1998, Shi and Durucan 2005)) apply uniform modulus of elasticity, and often also 
uniform cleat compressibility, that uses the same value in all directions, neglecting the anisotropic 
mechanical properties of the coal. Palmer and Mansoori (1998) found that permeability, as calculated 
with their model, is strongly dependent on the modulus of elasticity, and this was found to lie in the 
range E=0.85 GPa to E = 3.0 GPa (E = 1.24×105 to 1.24×105 psi). In this and many other reports, the 
modulus of elasticity and cleat compressibility are assumed to be constant and independent of the 
effective stress applied to the coal (Liu, et al. 2012). Experimental evidence, e.g., as presented by 
Connell and colleagues (Zheng, et al. 2012, Connell, et al. 2016) suggests this assumption is not 
representative of coal behaviour. 
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Most of the coal permeability models include several key parameters to describe the physical and 
mechanical properties of the coal, including typically Poisson's ratio (ν), modulus of elasticity (E), 
porosity (ϕ), swelling and strain coefficients (εL and β), and cleat compressibility (Cf). Commonly, 
the cleat compressibility is found by regression of the model to measured permeability data (k) 
(Zheng, et al. 2012, Connell, et al. 2016, Peng, et al. 2017). A more useful approach would be to 
determine cleat compressibility independently since a primary objective in many cases is to predict 
permeability, rather than use it as a measured value to extract coal properties. The sensitivity of the 
permeability to the input cleat compressibility values has been documented for the common models 
(Zheng, et al. 2012).  
It has been argued that cleat compressibility is hard to measure directly and that cleat compressibility 
tests are costly, lengthy, and often yield uncertain results (Seidle, et al. (1992)); and that it is actually 
easiest to obtained it by fitting to permeability data (Zheng, et al. 2012). However, a rigorous 
experimental program to measure the anisotropic permeability of coal across a relevant range of stress 
and pore pressure conditions is also a costly exercise.  
In this chapter, a new approach/method to determine both the anisotropic elastic moduli and cleat 
compressibility of coal is presented without the need to make permeability measurements.  
The elastic moduli determined in this chapter are subsequently used in Chapter 5 to test Palmer and 
Mansoori (1998), and Connell, et al. (2010) models under constant stress and constant volume 
boundary conditions; and the cleat compressibilities (Cf1, Cf2) are used in Chapter 7 in a proposed 
uniformly distributed random cleat model (RCM) to predict stress-dependent permeability. 
4.2 Summary of measured stress-strain (σ-ε) data 
The stress-strain (σ-ε) behaviour of cubic coal sample UQ-B1 from the Surat Basin in the triaxial 
stress permeameter (TSP) described in Chapter 3, is applied to determine the modulus of elasticity of 
the coal in directions perpendicular to the face cleat (E1), the butt cleat (E2), and the bedding plane 
(E3). The stress in the TSP was applied equally in all directions using an ISCO pump connected to 
provide both radial confining pressure (Pc) and axial pressure (Pa).  
Figure 4-1 shows the strain response of UQ-B1 sample across the face cleat (ε1), butt cleat (ε2), and 
bedding-plane (ε3) directions through 25 hydrodynamic loading-unloading cycles at a loading rate of 
0.1MPa/minute from effective stresses of σeff=0.5 MPa to σeff  = 4.0 MPa. The maximum loading 
stress of 4.0 MPa was selected as this is well below the uniaxial compressive strength of Surat basin 
coal (UCS ~18MPa from Figure 7 by Minaeian and Rasouli (2011)) and also well inside the elastic 
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limits, as confirmed by the responses shown in Figure 4-1. It is clear in Figure 4-1 that even though 
the stress was applied isotopically in the TSP, the strain responses in UQ-B1 were anisotropic. 
Some degree of compaction of the coal is evident during the first few loading-unloading cycles as a 
decrease in strain magnitude, Figure 4-1 before a repeatable stress-strain curve is obtained. The 
compaction was more significant in the butt cleat (ε2) and bedding plane (ε3) directions than in the 
face cleat (ε1) direction. The response of the strain gauge installed on the bedding plane (ε3) direction 
shows some unusual initial response, which may be a result of a shear event, and a more pronounced 
hysteresis during loading and unloading, indicating that coal elasticity is slightly different for 
compressive and tensile stresses. 
 
 
Figure 4-1: Strain on coal sample UQ-B1 perpendicular to the face cleat (ε1), butt cleat (ε2) and 
bedding plane (ε3) directions under the hydrodynamic stress loading/unloading of σeff=0.5-4.0MPa 
for total 25 cycles. The negative magnitude of strain is showing that sample is under compression. 
The maximum strain observed in UQ-B1 at the highest measured effective stress of 4.0 MPa were 
ε1=2970 με (0.2970 %ΔL/L), ε2=1280 με (0.1280 %ΔL/L), and ε3=1115 με (0.1115 %ΔL/L). 
Wang, et al. (2008) also reported anisotropic straining of other Queensland coals from Bowen basin 
in a different true triaxial stress apparatus, also located at the University of Queensland. They used 
80mm cubic samples (named samples #3 and #4) for which they observed strains of 0.060%, 0.066% 
and 0.391% for sample#3; and 0.056%, 0.097% and 0.226% for sample#4 in face, butt, and bedding-
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plane directions, respectively, at 4.0MPa of isotropic stress. Compared to the strain measured by 
Wang, et al. (2008)for sample# 3 and 4, the stain of coal sample UQ-B1 is 4.95 and 5.30 times higher 
in face cleat direction, 1.93 and 1.32 times higher in the butt cleat direction, 3.50 and 2.02 lower in 
the bedding-plane direction, respectively. There are other literatures , such as Chen, et al. (2013) 
available that discuss the stress-strain behaviour of coal, but they cannot be used to compare head to 
head with our stress-strain measurements because 1) due to the use of deviatoric stress, for example 
Somerton, et al. (1975) used for Pittsburgh coal, which resulted in a dominant longitudinal strain in 
the principle stress direction that conceal the stress-strain anisotropy or, 2) only adsorption strain is 
presented which do not provide details about the mechanical deformation of coal, such as by 
Vandamme, et al. (2010)  and Connell, et al. (2010). 
The strain of the coal at low stress is of interest to understand permeability evolution near the 
wellbore, and the responses in Figure 4-1 show coal UQ-B1 is sensitive to low magnitudes of applied 
stress with compressive strains of ε1=1511 με, ε2=383 με and ε3=207 με at σeff=0.5 MPa. The  lowest 
effective stress, other than the completely unloaded condition (Pc = 0) that could be applied in the 
TSP was 0.5 MPa; below this from σeff=0.5 MPa to 0 MPa in Figure 4-1 stress-strain is represented 
by a straight line as a visual guide only for each σ-ε curve. The initial deformation at low stress 
exhibited by UQ-B1 would more correctly be a non-linear elastic response. The initial compression 
of the coal is likely due to the closing of cracks and pores in the coal (Hobbs 1964, Szwilski 1984), 
including any new cracks formed during 1) coring, cutting and polishing of the sample; 2) handling, 
storage, and transport of the core; and/or 3) drying of coal in a vacuum oven. 
The low-stress observations for UQ-B1in the direction perpendicular to the face cleats are similar to 
results reported by Hobbs (1964), who recorded strains of 0.1 - 0.4% length (equivalent to 
1000 – 4000 με) for coal from the Linby colliery (England). However, the strains perpendicular to 
the butt cleats and bedding plane directions for UQ-B1are about an order of magnitude smaller than 
those reported by Hobbs (1964). The differences may be due to the method used to apply the stress 
loads: Hobbs (1964) used triaxial stress conditions in which the axial stress was varied and the radial 
confining stress was kept constant, while for UQ-B1the stresses were isotropic.  
The in situ reservoir stresses at depths of 178.32 -178.50 mMD where UQ-B1 was collected would 
be in the range of 4.0 - 5.0 MPa. Therefore, the high effective stress end of the measured σ-ε curves 
will be more relevant than the low-stress deformation region for determination of elastic moduli 
required to predict changes in coal permeability far from the wellbore during reservoir 
depressurization. The maximum strains observed in UQ-B1 at the highest measured effective stress 
of 4.0 MPa were ε1=2970 με, ε2=1280 με, and ε3=1115 με. The higher strain in face cleat direction 
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(ε1>ε2>ε3) is likely due to the physical structure of the coal since these are the dominant fractures with 
planar surfaces, more continuous and laterally extensive (Rodrigues, et al. 2014) than butt cleats. 
However, the dominant fracture system of coal lies in the lateral plane, therefore, straining in the 
vertical direction (across the bedding plane, ε3) is generally likely to be the lowest. The overall stress-
strain curves in the direction perpendicular to the face cleat (ε1) are less steep than the slopes of the 
curves recorded perpendicular to butt cleat (ε2) and bedding plane (ε3) directions, and these results 
indicate the coal is softer in the face cleat (ε1) direction than in the other two directions.  
A power law model is fitted as shown in Equation 4-1 to each directional σ-ε curve shown in Figure 
4-1 using a sum of least squares regression method (implemented in MS Excel 2016) to obtain the 
best-fit parameters m and n. The regression was performed using the mean of the last five loading-
unloading cycles which are showing consistent repeatability in all directions. The power law model 
was selected to describe the σ-ε data because to calculate the elastic moduli it is necessary to take the 
first derivate of the stress-strain relationship with respect to ε, and the power law model is well 
behaved for this purpose, returning a positive value for the first derivative (and hence E), unlike e.g. 
a polynomial curve.  
 Equation 4-1 
The best-fit parameters for m and n in each direction are listed in Table 4-1 with the predicted stress-
strain curves calculated using Equation 4-1 shown as dashed lines in Figure 4-2 (a-c). 
Table 4-1: Best fit parameters for coefficients of the power law model σ=mε n to predict the stress-
strain response of coal UQ-B1, and determine the modulus of elasticity and strain (E= (m×n) ε n-1).  
   
 m (MPa) n 
Face cleat 5.7410×10-11 3.1265 
Butt cleat 1.0499×10-4 1.4902 
Bedding plane 2.4172×10-7 2.3200 
  
 m×n (GPa)  n-1 
Face cleat 1.7949×10-7 2.1265 
Butt cleat 1.5647×10-1 0.4902 
Bedding plane 5.6080×10-4 1.3200 
 
 nm 
 nm 
1( ) nE m n   
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(a) 
 
(b) 
 
(c) 
Figure 4-2: Power law model (σ=m ε n) fitted to stress-strain (σ-ε) measurements perpendicular to 
the (a) face cleat, (b) butt cleat, and (c) bedding plane directions in coal UQ-B1. The continuous lines 
show the measured data and dotted lines indicate the fitted model fitted to the average magnitude of 
cyclic stress-strain measurement. The best fit coefficients, m, and n are listed in Table 4-1. 
 
Figure 4-3: Moduli of elasticity (E1, E2, and E3) perpendicular to the face cleat, butt cleat, and 
bedding-plane directions using the coefficient presented in Table 4-1. 
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4.3 Modulus of elasticity (E) of the bulk coal 
The modulus of elasticity of coal UQ-B1 was calculated in each of the three directions from the first 
derivative of stress-strain (σ-ε) curves according to Equation 4-2 (Wang, et al. 2008), and the fitting 
coefficients are presented in Table 4-1: 
 
Equation 4-2 
 
An alternative approach to determine elastic moduli (E1, E2, and E3) and Poisson’s ratio (ν) of an 
anisotropic material such as coal is through regression of the nine parameter model described by  
Equation 9 in the literature (Wang, et al. 2008) to a series of experiments conducted with uniaxial 
and anisotropic stress condition. The nine parameter model approach needs an extensive matrix of 
experimental measurements to be completed with uniaxial or triaxial stress conditions, and this 
approach often results in unrealistic Poisson’s ratio (ν) or modulus of elasticity by using isotropic 
stress-strain measurements. Indeed,  (Wang, et al. 2008) also avoided this model to calculate E and ν 
from isotropic stress-strain measurements. Therefore, the nine parameter model is unsuitable for 
experimental data from isotropic stresses as used to conduct the experiments in this dissertation. 
The anisotropic elastic moduli E1, E2 and E3 of coal UQ-B1 obtained using Equation 4-2 at effective 
stresses in the range 0.5 – 4.0 MPa are shown in Figure 4-3. The sudden change in the slope of E3 at 
higher stress magnitude is due to the shearing of the sample that is shown in Figure 4-1 for ε3 near the 
highest and lowest stress magnitudes. The trend of the modulus of elasticity E1 and E2, perpendicular 
to the face cleat and butt cleat directions respectively, is seen in Figure 4-3 to have a decrease in the 
slope at higher confining stresses. This decreasing slope in modulus of elasticity during has been 
reported by others in isotropic triaxial stress-strain measurements. For example, Figure 4-4 shows the 
modulus of elasticity (E) of six different coals from western Canada; Gentzis, et al. (2007) reported 
increases of 1.4 – 2.97 times in Young’s modulus of the coals when effective confining stress was 
increased from 0.2 MPa to 14 MPa. Previous studies by Wang, et al. (2008) at the University of 
Queensland using the Bowen basin coals in another triaxial stress apparatus have also reported similar 
trends in elastic modulus under increasing effective stresses.  
These other UQ studies, particularly sample #3 from Wang, et al. (2008) provide a convenient 
comparison to the present results because the measurements were made under conditions similar to 
those for UQ-B1 namely: 1) isotropic stresses, 2) cubic sample although the Wang et al. sample was 
80 mm side length, and 3) anisotropic strain measurements.  
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Figure 4-4: The result of the modulus of elasticity (E) measured for six different coals from western 
Canada (Gentzis, et al. 2007). 
The general comparison in Table 4-2 shows that both samples became harder in all directions as the 
applied stress was increased. This hardening of the coal is due to the closure of pores, cleats, and 
cracks. The resemblance in the result is that peak modulus of elasticity perpendicular to the bedding 
plane (E3) direction is higher than other two directions on both the samples showing that face cleat 
direction is softer than butt and bedding plane directions, i.e. E1<E2<E3. At the lowest stress (0.5MPa 
for coal sample UQ-B1 and 0MPa for sample#3 in Table 4-2), the modulus of elasticity of coal sample 
UQ-B1 is quite small (E1=0.12GPa, E2=0.26GPa, and E3=0.29GPa) compared to sample#3 
(E1=1.97GPa, E2=1.50GPa, and E3=2.24GPa), but at higher stress magnitude the modulus of elasticity 
of both samples are comparable. Possibly sample#3 cleats were partially infilled, providing some 
additional strength at the lower stress levels. 
 
Table 4-2: Modulus of elasticity E1, E2, and E3 of coal sample UQ-B1 compared with sample#3(Wang, 
et al. 2008) perpendicular to the face, butt and bedding plane directions.  
 Sample#3 (Wang, et al. 2008) 
(σ=0-20MPa) 
Coal sample UQ-B1 
(σ=0.5-4MPa) 
E1 (GPa) 1.97-3.72 0.12-4.35 
E2 (GPa) 1.50-4.08 0.26-4.90 
E3 (GPa) 2.24-6.59 0.29-7.06 
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4.4 A novel method to calculate the cleat compressibility (Cf) using MIP 
and stress-strain measurements 
The second set of geomechanical parameters for coal UQ-B1 came from the stress-strain data (Figure 
4-1) together with pore size data from mercury porosimetry (MIP) were the cleat compressibility 
factors in directions perpendicular to the face cleat (Cf1) and butt cleat (Cf2). The cleat compressibility 
can be related to the pore widths (b) from the MIP with the surface fractal dimension (D) (Mandelbrot 
1983), to which describes the roughness of a surface. Later, Friesen and Mikula (1988) observed that 
the pore volume of coal increased significantly when mercury was injected at pressures greater than 
10 MPa. The increase in the pore volume (VP) is due to the pore compressibility (βP in MPa-1), and 
the relationship between pore volume, pore compressibility and mercury intrusion pressure (P in 
MPa) was described by Equation 4-3: 
 
Equation 4-3 
 
The pressure ‘P’ in the above equation can be taken as effective stress when confining pressure or 
pore pressure is changing during the experiment. 
One approach used to evaluate the right-hand side of Equation 4-3 is to relate the pore compressibility 
with the fractal dimension, D, using a plot of  versus log(P) following Equation 4-4 
(Qu, et al. 2010, Li, et al. 2015):  
 
Equation 4-4 
 
Qu, et al. (2010) added that for coal VP in Equation 4-4 might reasonably be replaced by the volume 
of injected mercury (VHg) to give Equation 4-5, 
 Equation 4-5 
 
where A and B are integration constants. 
Through substitution of Equation 4-4 and Equation 4-5 into Equation 4-3, we can express the pore 
compressibility as: 
 
Equation 4-6 
 
Thus, with Equation 4-6 we require the parameters A, B, and D to estimate the pore compressibility 
at each pressure. Further, from the MIP data, we can extract the pore sizes b at each incremental 
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pressure step using the Washburn Equation 4-7. By plotting b with βP using Equation 4-6 and 
Equation 4-7, the pore size can be related to their compressibility, 
 Equation 4-7 
 
where b is the pore radius or cleat width (μm), γ is surface tension of mercury (0.485 N.m-1), ϕ is the 
mercury contact angle (assumed constant at 130o), and P (MPa) is the mercury intrusion pressure. 
To calculate the pore compressibility (βP) with Equation 4-6 the first step is to estimate the fractal 
dimension (D) from the MIP data of coal sample UQ-B1 (see Figure 3.3 in Chapter 3). The fractal 
dimension (D) is estimated by plotting  against from Equation 4-4 and then 
fitting a straight line to data points >log(10 MPa) as shown in Figure 4-5 (a). The slope of this line 
represents (D-4) in Equation 4-4. From Figure 4-5 (a) the fractal dimension for UQ-B1 is shown to 
be D = 3.91. Friesen and Ogunsola (1995) and Mahamud, et al. (2003) demonstrated that a fractal 
dimension greater than 3 is an indication of the pore compression effect at high mercury injection 
pressures, and therefore the result of D=3.91 strongly suggests a pore or cleat compressibility effect 
in UQ-B1. The result here is consistent with other results for coal, including the reports from Li, et 
al. (2015) who used the same calculation approach to determine fractal dimensions of 3.30 to 3.94 
from MIP performed at temperatures of 25 °C to 600 °C.  
Next, Figure 4-5 (b) shows a straight line was fitted to the plot of VHg against P
D-3 according to 
Equation 4-5. The coefficients for Equation 4-5 obtained from this plot are the slope B=4.69×10-3 and 
intercept A=2.11×10-4. The values for parameters A, B, and D were then used in Equation 4-6 to plot 
pore compressibility (βP) against mercury injection pressure, as shown in Figure 4-5 (c). The results 
in Figure 4-5 (c) show pore compressibility in UQ-B1 reduces from 0.09 MPa-1 to 0.003 MPa-1 for 
the mercury pressures in the range 10 MPa to 310 MPa. Also shown in Figure 4-5 (c) is the pore 
compressibility of coal sample GC28 reported by Qu, et al. (2010) showing that pores of the 
tectonized coal are more than three times harder at P < 50 MPa than the pores of coal UQ-B1, 
although at higher pressure both curves seem to converge (as one might expect). For the current 
purposes, low pressure is the more relevant zone as it represents the bigger pore size in MIP 
measurement, and these area the pores that participate in and contribute to Darcy flow. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4-5: (a) A straight line is fitted to  verses data for the range greater 
than log(10MPa) to estimate fractal dimension (D) using Equation 4-4.(b) A plot of VHg 
versus PD-3 to estimate the coefficients A and B in Equation 4-5 by fitting a line. (c) 
Comparison of pore compressibility of coal sample UQ-B1 with GC28 (Qu, et al. 2010). (d) 
Plot showing the linear relationship between the compressibility and the cleat widths. 
 
Finally using Washburn’s Equation 4-7, the pressure axes shown in Figure 4-5(c) may be translated 
to pore radius or, more appropriately for coal, cleat width (b), to allow pore compressibility to be 
plotted against width in Figure 4-5 (d). 
The compressibility data show that wider cleats compress more than the smaller cleats, but the strain 
for every cleat width is essentially the same. Figure 4-5 (d) shows that cleat compressibility varies 
linearly with the cleat width, and that bigger cleats are weaker than the smaller. For example, the 
compressibility of the cleats of width 0.0604 μm was 0.0879 MPa-1 and the compressibility of cleats 
with width 0.0477 μm was 0.0695 MPa-1. The ratio of both the cleats width and their compressibility 
gives 1.26, which shows that not only 0.0604 μm cleats are 1.26 time bigger than 0.04077 μm cleats 
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, but also their compressibility is 1.26 time higher. To further elaborate this proportional relationship, 
the results plotted in Figure 4-5 (d) are tabulated in first two column of Table 4-3, and the third and 
fourth column shows the size ratio and compressibility ratio of each cleats size concerning 0.0604μm 
cleats size. It is quite evident from Table 4-3 that size ratio and compressibility ratio are irrespective 
of cleat size. From this relationship, it can easily be concluded that bigger cleats will compress more 
in proportion to small cleats. For example, if we have three different cleats of 10μm, 100μm and 
1000μm width in a coal sample and if we know that at a given stress magnitude the 10μm cleat is 
compressed to half of its size (ie to 5μm), then the 100μm and 1000μm cleats will be likewise 
compressed to half their respective widths, becoming 250μm and 500μmcleats. Alternatively, it may 
be noted that the cleat strains are constant, i.e.50% in this example.   
This analysis shows that any deformation of the coal sample can be distributed to its pore or cleat 
width using the linear relationship of size as  (bi0=initial pore/cleat width). 
Table 4-3: The ratio of the size and compressibility of pore size 0.0604μm with other pore sizes and 
their compressibility, showing that size ratio and compressibility ratio any two pore sizes are almost 
same. 
Pore size 
 (×10-3 μm) 
Pore compressibility 
 (×10-3MPa-1) 
Size ratio Compressibility ratio 
60.40 87.90 - - 
47.70 69.50 1.26 1.26 
38.50 56.20 1.56 1.56 
31.10 45.50 1.93 1.92 
25.10 36.7 2.40 2.39 
20.10 29.4 2.99 2.98 
16.10 23.60 3.73 3.71 
13.10 19.20 4.59 4.57 
10.50 15.40 5.73 5.70 
8.55 12.50 7.06 7.03 
6.86 10.00 8.80 8.76 
6.12 8.95 9.87 9.82 
5.52 8.07 10.93 10.88 
4.52 6.62 13.34 13.27 
3.61 5.29 16.69 16.61 
3.01 4.40 20.04 19.94 
2.58 3.78 23.38 23.26 
2.26 3.30 26.71 26.58 
2.01 2.94 30.04 29.89 
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The relationship of pore size (b) and pore compressibility (βP) was then used along with the stress-
strain measurement to calculate the cleat compressibility factors. Initially, the measured strain is used 
to calculate the actual change in the length of 40 mm wide face of sample UQ-B1 at given stress 
magnitude according to Equation 4-8, and the results are plotted in Figure 4-6 (a). The results in 
Figure 4-6(a) shows that coal sample UQ-B1 is compressed 120 μm perpendicular to the face cleat 
and 52 μm perpendicular to the butt cleat direction under isotropic compressive stress of 4.0 MPa, 
 Equation 4-8 
 
where ε is the strain perpendicular to the face cleat (ε1) and butt cleat (ε2) directions, Lgauge= 5 mm 
is the length of the strain gauge, n=8 is the number of strain gauges (40/Lgauge) that can be mounted 
in series on a 40 mm wide face of coal sample.  
The coal matrix is stiff compared to the cleats and fractures. Therefore it can be assumed that all the 
deformation or strain measured during the stress-strain experiments in the TSP is due to deformation 
of face cleat and deformation of the butt cleat. Based on this assumption, the strain on cleats that 
contribute to Darcy’s flow is calculated by distributing the measured total change in length of the coal 
sample in face cleat (Δb1) and butt cleat (Δb2) directions according to Equation 4-9. 
 
Equation 4-9 
 
Where bi0 is the initial/unstressed/unconfined cleat width, Δbσ is the change in length at each stress 
magnitude as shown in Figure 4-6 (a), εbi is the strain of a cleat width at each stress magnitude. The 
indices here i=1 is again for face cleat and i=2 for butt cleat.  
Figure 4-5 (d) shows all pore widths have a linear relationship with the compressibility. Therefore 
the stain of all individual pore at a given stress magnitude is the same, as given in Figure 4-6 (a). The 
elastic moduli of cleats were calculated using a power law model using the data presented in Figure 
4-6 (b) through same curve fitting technique that is used to calculate the modulus of elasticity of bulk 
coal in section 4.3. The cleat compressibility (Cf1 and Cf2) is calculated by taking the reciprocal of the 
modulus of elasticity of the cleats and presented in Figure 4-6 (c).  
The result of Figure 4-6 (c) shows the face cleat compressibility factors reduced from 
Cf1=0.1102 MPa
-1 to 0.0333 MPa-1 and the butt cleat compressibility reduced from Cf2=0.0588 MPa
-
1 to 0.0251 MPa-1 when the stress was increased from 0.5 to 4.0 MPa. The cleat compressibility 
factors reported by Connell (2016) and Wang, et al. (2007) are included in Figure 4-6 (d) and Table 
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4-4 for comparison with my UQ-B1 results. Those studies determined cleat compressibility by 
regression of a stress-dependent permeability model to experimental measurements of permeability 
at a range of stress conditions. These other results have similar magnitudes to the cleat compressibility 
factors I determined for UQ-B1, and Figure 4-6 (d) confirms the downward trend of pore 
compressibility with increasing stress.  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4-6: (a) Change in length of coal sample UQ-B1 perpendicular to  face (Δb1) and 
butt (Δb2) cleat direction calculated by extrapolating the stress-strain measurement 
Equation 4-8(b) Stress-strain measurement of the bulk coal is converted into the strain of 
face (%Δb1/b1) and butt cleats (%Δb2/b2) by using Equation 4-9(c) Cleat compressibility 
in the face (Cf1) and butt cleat (Cf2) directions with different stress magnitude. (d) 
Comparison of the calculated cleat compressibility (Cf1 and Cf2) with the results of Wang, 
et al. (2007) and Connell (2016).  
Connell’s results Connell (2016) are comparable with the UQ-B1 results, but the compressibility 
factors he reported are generally higher. The compressibility results by Wang, et al. (2007) included 
in Figure 4-6 (d), also show significantly higher cleat compressibility – by around an order of 
magnitude. It may be noted that Connell used Helium as the test fluid and applied Seidle’s stress-
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dependent cleat compressibility model (Seidle, et al. 1992) to permeability data. Helium does not 
interact with the coal. Wang, et al. (2007) used CO2 as the test fluid. This interacts quite strongly with 
the coal and may increase the cleat compressibility by softening the coal material. Peng, et al. (2017) 
showed in a study with coals from the Qinshui Basin that cleat compressibility factors determined 
from CO2 core flooding experiments were much higher than cleat compressibility factors determined 
from CH4 core flooding experiments, as shown in Table 4-4. 
Table 4-4: Description of the coal compressibility results from my study and other reported cleat 
compressibility factors reported in the literature. 
Study Sample Cleat compressibility 
(MPa-1) 
Method  Conditions 
This 
thesis 
UQ-B1 Surat Basin Face cleat 
(Cf1)=0.1102 MPa-1 to 
0.0333 MPa- 
Surface fractal dimension 
(D) with stress-strain 
measurements 
Gas: NIL 
Stress= 0.5-
4.0MPa 
  Butt cleat ( 
Cf2)=0.0588 MPa-1 to 
0.0251 MPa-1 
  
 
 
Zheng, 
et al. 
(2012) 
 
CZ-1 Qinshui 
basin  
0.1122 Fitting to permeability using 
Seidle’s model (Seidle, et al. 
1992) 
Gas: He 
 σeff=1-5MPa, 
PP=1.1-6.1 MPa, 
T=35oC 
TCG-1 Junggar 
basin 
0.1207 
 
Fitting to permeability using 
Seidle’s model (Seidle, et al. 
1992) 
Gas: He 
 σeff=1-5MPa, 
PP=1.1-6.1 MPa, 
T=35oC 
 
 
Peng, 
et al. 
(2017) 
Qinshui basin coal 
sample  
C-#1 and P-#1 
CH4 
C-#1: 0.02 
P-#1:0.09 
CO2 
C-#1: 0.15 
P-#1:0.18 
 
Fitting to authors’ own 
permeability, absorption and 
geomechanical properties 
based model 
Gas: CH4, CO2 
σeff= 5MPa 
Connell 
(2016)  
Coal northern 
Bowen Basin 
samples: S2, S3, 
S4 and A4 
 
S2: 0.0371 
S3: 0.0575-0.0312 
S4: 0.1017-0.0641 
A4: 0.0435-0.01606 
 
Fitting to permeability using 
Seidle model(Seidle, et al. 
1992) 
Gas: He 
σeff=1-3MPa 
T=35 oC 
 
Wang, 
et al. 
(2008) 
Bowen basin 0.79591-0.1137 Mechanical model  Gas: CO2 
σeff=0-4.7MPa 
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4.5 Summary 
In this chapter, the anisotropic modulus of elasticity (E1, E2, and E3) and cleat compressibility (Cf1 
and Cf2) are calculated using stress-strain measurement. The strains measured under effective stresses 
σeff = 0.5 - 4.0 MPa were ε1=1511 - 2970 με perpendicular to the face cleats, ε2 = 383 – 1280 με 
perpendicular to the butt cleats, and ε3 = 207 – 1115 με perpendicular to the bedding plane. The 
modulus of elasticity of bulk coal in each direction was calculated with a power-law model regressed 
to the measured stress-strain data were E1 = 4.35 GPa, E2 = 4.90 GPa and E3 = 7.06 GPa 
perpendicular to the face, butt, and bedding-plane directions, respectively. Cleat compressibility (Cf) 
calculated from the relationship of pore size to pore compressibility with stress-strain measurements 
were Cf1=0.1102-0.0333MPa
-1 perpendicular to the face cleats and Cf2=0.0588-0.0251MPa
-1 
perpendicular to the butt cleats at effective stresses of σeff = 0.5 - 4.0 MPa. The ranges of the modulus 
of elasticity and cleat compressibility obtained here are consistent with other reports in the literature. 
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Chapter 5 Effect of stress on the permeability of the coal using free 
swelling and constant volume boundary conditions 
This chapter investigates the effect of stress on the permeability of the coal by conducting experiments 
under constant stress (free swelling) and constant volume boundary conditions. The experimental 
observations test the hypothesis that coal permeability only changes with effective stress and that 
different boundary conditions and matrix shrinkage only resolve the stresses on the coal sample 
differently. First, the Klinkenberg effect, or gas slippage effect, is shown to be negligible for this coal 
at the measured stress and fluid pressure conditions by analysis of 116 permeability measurements 
made with helium under a constant stress boundary condition. The permeability of the coal is reported 
using methane under (i) a constant stress boundary condition, and (ii) under a constant volume 
boundary condition. The swelling strain is extracted from the total measured strain and is fitted to a 
Langmuir sorption style equation, based on the common assumption that sorption induced strain 
follows the same physical rules as sorption itself.  The measured permeability is compared with well-
known permeability models namely the models of Palmer and Mansoori (1998); Connell, et al. 
(2010); and  Ma, et al. (2011), and an anisotropic model which is an extended form of the model 
proposed by Robertson and Christiansen (2008).  
5.1 Introduction 
The permeability of coal (k) is known to be inversely proportional to the effective stress (σeff) applied 
on the sample (Durucan and Edwards 1986, Seidle, et al. 1992, Palmer and Mansoori 1998, Chen, et 
al. 2011), and experimental observations of the stress-dependency of coal permeability have been 
reported for several decades. For example, in 1975 Somerton, et al. (1975) observed the permeability 
of coal decreased by more than two orders of magnitude when the stress was increased from 1.72 MPa 
(250 psi) to 13.78 MPa (2000 psi). Understanding the stress-dependency of permeability is 
significant when attempting to predict the performance of a coal seam gas (CSG) reservoir because 
as the pore pressure (Pp) in the reservoir declines during water and gas production the effective stress 
on the rock will increase. An additional consideration in predicting permeability in CSG reservoirs is 
that desorption of methane from the coal leads to shrinkage of the coal matrix (Cui, et al. 2007, 
Mazumder and Wolf 2008, Brochard, et al. 2012), which affects the widths of cleats or fractures in 
the coal and hence to a degree counteracts the decrease in permeability due to increasing net pressure 
as the reservoir is produced. 
Table 5-1 lists some of the most commonly used models to predict the change in coal permeability 
when the stress conditions are varied. The first group of permeability models include the models 
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proposed by Palmer and Mansoori (1998), Shi and Durucan (2004), and Cui and Bustin (2005) which 
assume a uniaxial strain condition; and models like that proposed by Ma, et al. (2011) that assume 
the volume of the system is constant (i.e. a constant volume boundary condition). The uniaxial strain 
condition assumes the reservoir is constrained in the horizontal direction (leading to horizontal strains 
εx and εy=0), and constant stress in the vertical direction. The uniaxial strain models consider the 
stress-dependency of the permeability by converting the  vertical stress in horizontal stresses thorough 
the use to terms such as Δσh (change in horizontal stress) and Δσm (change in matrix stress) in the Shi 
and Durucan (2004) and Cui and Bustin (2005) models in Table 5-1. The second group of models 
including the models proposed by Robertson and Christiansen (2008); Liu and Rutqvist (2010) and; 
Connell, et al. (2010) assume a triaxial stress condition by applying different stresses in axial and 
radial directions. These permeability models are used to estimate physical properties of the coal by 
regression of the models to laboratory-measured permeability data and to subsequently predict 
permeability in a reservoir. 
There are three main approaches used to simulate reservoir conditions on a rock sample in a laboratory 
experiment as explained by Chen, et al. (2013) and Liu, et al. (2011): (1) maintain a constant bulk 
volume of the rock sample (Massarotto 2002, Ma, et al. 2011); (2) apply a uniaxial strain to the 
sample (Li, et al. 2017); or (3) apply a constant external stress on the sample (Peng, et al. 2014) which 
allows the coal to be considered free swelling. The uniaxial strain experiment is a special case of a 
constant volume measurement in which the volume is kept constant in two orthogonal directions, 
usually the horizontal directions, and constant stress is maintained in the third direction, usually the 
vertical overburden direction. A further consideration when permeability is measured with methane 
or carbon dioxide, is that adsorption of these gases induces swelling of the coal matrix (Cui, et al. 
2007, Mazumder and Wolf 2008, Brochard, et al. 2012) and consequently when the matrix swells (or 
shrinks during desorption) there will be different resolutions of the effective stresses on the coal, 
depending on the experimental boundary conditions. These variations can lead to different 
observations of the stress-permeability relationships for a given coal in constant stress, constant 
volume, and uniaxial strain measurements. Therefore, it is important to understand how any boundary 
conditions imposed by the experiment and apparatus design affect stress responses and hence 
permeability in coal. 
There are few reports in the literature of laboratory coal permeability measurements made under a 
constant volume condition. The only two examples of constant volume coal permeability 
measurements discovered in the literature are (1) the Ph.D. thesis of Massarotto (2002) using a large 
true triaxial stress rig at the University of Queensland (UQ) and papers arising from that thesis 
(Massarotto, et al. 2003, Massarotto, et al. 2003), and (2) the report by Wang, et al. (2017) of other 
78 
 
measurements that were also completed at UQ. Both researcher have used the same experimental 
equipment at UQ, named as the “True triaxial Stress Coal Permeameter”. The method used by Wang, 
et al. (2017) maintained zero circumferential strain, but because of the way in which confining stress 
was controlled in their experiment there may have been some strain in the axial direction.  
In this chapter, a new experimental apparatus with new laboratory measurements of coal permeability 
under a constant volume condition to analyse the stress-dependency of permeability. The 
experimental data presented includes measurements made with methane, which is strongly adsorbed 
on coal and induces swelling of the coal matrix, and with the helium, which is assumed to have 
negligible sorption induced swelling effects of the coal. 
5.2 Conceptual frameworks for permeability-stress relationships  
5.2.1 Constant volume boundary condition measurements 
The hypothesis for a constant volume boundary condition is that any change in permeability due to a 
change in the pore pressure is a sorption driven phenomena, and the net stress does not have a direct 
impact on cleat width or permeability but only counterbalances reactionary forces. Figure 5-1 and the 
discussion below describes the conceptual framework of this hypothesis, and in Section 5.6 this 
hypothesis is tested with a series of permeability measurements made with methane on coal sample 
UQ-B1. 
Figure 5-1 illustrates that in a coal sample held in a constant volume experiment (or in uniaxial strain 
experiments in which the length of the sample holder is fixed in two of the three directions) when the 
pressure of methane in the pores is decreased from PP1 to PP2, the cleat width increases from b1 to b2. 
The widening of cleats results from shrinkage of the coal matrix from a representative matrix side 
length of a1 to a2, and as a result the permeability is expected to increase. 
The net stress (σh) in Figure 5-1 for a constant volume boundary condition is the reactive external 
boundary force that counteracts any sorption induced matrix swelling or shrinking, any component 
of force arising from countering strain, and the net pressure in the cleat. Therefore, when a cleat 
widens during gas desorption, the coal exerts a smaller outward force at the volume boundary, and 
consequently, the reactionary forces (i.e. the net stress) at the boundary will decrease proportionately 
from σh1 to σh2. Therefore, the effective-stress on the cleats in a constant volume experiment depends 
on (i) sorption and sorption induced swelling, (ii) net stress, and (iii) the change in pore pressure.  
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Table 5-1: Models used to predict coal permeability based on uniaxial strain, triaxial stress, and constant volume boundary conditions. 
Authors  Model* Assumption The condition of 
experiments used to test 
model 
Palmer and 
Mansoori 
(1998) 
 
3
0
0
0 0 0 0
1 1 1
1 1 1 ; ;
1 1 (1 )(1 2 ) 3 1
;m l P P
P P m
P P
k c K P P g K M K
P P c f
k M P P M M E M
    

      
 
           
    
       
              
  
Uniaxial 
strain 
condition 
Production data of San 
Juan Basin  
Shi and Durucan 
(2004)      
0
0 0
0
 
1 3 1
exp 3  ;
1 1
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l P
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P
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P P
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C
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  
 
 
 
     

    
  
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strain 
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 
 

  
 
      
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strain 
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seam permeability 
Ma, et al. (2011) 
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0
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             
      
 
 
 
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Constant 
volume 
condition 
San Juan Basin 
permeability data, 
Comparison with Palmer 
and Mansoori (1998) and 
Shi and Durucan (2004) 
models 
Robertson and 
Christiansen 
(2008) 
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      
  
Triaxial stress 
condition 
Palmer and Mansoori 
(1998) and Shi and 
Durucan (2004) models 
Liu and Rutqvist 
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 
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1
exp 3  ; , ; 1
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   
             
   
 
Triaxial stress 
condition 
San Juan Basin 
permeability data 
Connell, et al. 
(2010)    
0
00
exp 1
1
3
1
P
l
P
P
f P
P
P
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Pk
C P
k P


 
 
 
 
 
   
      
     
 
Triaxial stress 
condition 
Lab experiments on 
southern Sydney Basin  
*k=permeability (mD), ϕ= porosity, PP=pore pressure, εl=model parameter for strain, β=model parameter for pore pressure, c, C=compressibility (MPa -1),K= bulk modulus (MPa), 
E=modulus of elasticity (MPa), ν=Poisson’s ratio, g=suppression factor, f=fraction (0-1) , γ=grain compressibility (MPa-1), σ=stress (MPa) 
ε=strain, Subscript: 0=initial, m=matrix, f=fracture, h=horizontal. 
** as explained in Shi, et al. (2014) 
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This approach differs from the traditionally assumption that effective stress is the difference between 
the net stress applied and the fluid pore pressure (i.e. σeff= σh-PP). An underlying assumption in this 
analysis is that the matrix compressibility is negligible compared to the cleat compressibility and 
sorption induced swelling effect. 
 
Figure 5-1: Effect of methane pore pressure (PP) on the cleat width of the coal sample using constant 
volume boundary condition. (I) Cleat width of coal sample at pore pressure PP1 (II) Cleat width of 
coal sample when pore pressure (PP) decreased from PP1 to PP2. 
5.2.2 Constant stress boundary condition measurements 
Contrary to the constant volume boundary condition experiment described in Section 5.2.1, the 
change in permeability in a constant stress boundary condition is primarily driven by the change in 
effective stresses. In this constant stress boundary condition, there is no direct effect of sorption 
induced swelling or shrinkage of the matrix on permeability because the constant net stress (σh) 
applied during a pore pressure change accommodates any sorption induced matrix volume change 
with a change in the boundary volume, and thus cleat widths remain constant. The constant stress 
boundary condition hypothesis is tested in Section 5.3 in permeability measurements made (i) with 
helium, which has negligible adsorption on coal, and (ii) methane, which adsorbs strongly on coal 
and induces swelling of the coal matrix. 
Figure 5-2 shows the cleat width decreases from b1 to b2 when pore pressure is reduced from PP1 to 
PP2 due to increase in effective stress for both helium and methane gases using constant stress (free 
swelling) boundary condition. The same cleat width at each pore pressure resulted in equal 
permeability for both gas at each pore pressure, i.e. (k
helium
=k
methane
)@P
P1
> (k
helium
=k
methane
)@P
P2
. 
The methane desorption does not increase the cleat width because the sorption strain propagates 
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toward the boundary negating any change in the cleat width due to sorption strain. The methane 
desorption does reduce the matrix size from a1 to a2 (a2<a1), but with helium the matrix size remains 
same (a2=a1) during pressure reduction, which shows the bulk volume of coal with methane 
desorption is smaller compared to using with helium. More detail explanation about effect of constant 
stress (free swelling) boundary condition can be read in the Peng, et al. (2014). 
In conclusion, the conceptual framework of both boundary condition can be summarized that: 
1) In constant volume boundary condition, the permeability is driven by pore pressure (PP). 
2) In constant stress boundary condition the permeability is driven by effective-stress (σeff). 
 
 
Figure 5-2: Effect of pore pressure (PP) on the fracture/cleat width of coal sample under net confining 
stress (σh) using the constant stress (free swelling) boundary condition. (I) Cleat width of coal sample 
at pore pressure=PP1 using methane gas (II) cleat width of coal sample when pore pressure (PP) 
decrease from PP1 to PP2 using methane gas. (III) Cleat width of coal sample at pore pressure=PP1 
using helium gas (IV) cleat width of coal sample when pore pressure (PP) decrease from PP1 to PP2 
using helium gas. 
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5.3 Experimental procedures to measure coal permeability under with 
constant stress and constant volume boundary conditions  
The conceptual frameworks described above were tested by a series of permeability measurements in 
coal UQ-B1 made under constant stress and constant volume boundary conditions in the triaxial stress 
permeameter (TSP) described in Chapter 3. First, the 116 experiments summarised in Table 5-2 were 
made with helium to measure permeability in the face cleat (kface) and butt cleat directions (kbutt) of 
UQ-B1 under a constant stress boundary condition at effective stresses in the range of 0.5 MPa to 
3.9 MPa. During experiments, the pressure at the outlet of the core (P2) was maintained only 0.2 MPa 
lower than the injection pressure (P1) and consequently the mean pore pressure 1 2
2
P P 
 
 
  across the 
coal sample is close to both upstream and downstream pore pressure, and this mean pressure 
throughout the thesis will be referred as the pore pressure PP. As shown in Table 5-2, The 116 helium 
measurements of face cleat permeability were used to evaluate the significance of any gas slippage 
effects by calculating the Klinkenberg coefficient (Kcface), and thus confirm how gas permeability 
results conducted in this Chapter should be compared to other coal permeability data in the literature 
that was collected using liquid brine measurements. 
Table 5-2: Summary of conditions in 116 measurements of permeability in the face cleat direction 
(k1) of coal UQ-B1 made with helium gas in the TSP. In most of the experiments, the confining 
pressure (Pc) and mean pore pressure (PP) were increased in 0.2 MPa steps. 
Effective 
stress (σeff) 
MPa 
Confining 
pressure (Pc), 
MPa 
ΔPc=0.2 MPa 
Mean pore pressure 
(PP), MPa 
ΔPp=0.2MPa 
No. of 
experiments 
Comments 
0.5-0.9 1.0 0.1-0.5 2 - 
1 1.2-2.0 0.2-1.0 5 - 
1.5 2.5-4.3 1.0-2.8 12 - 
1.7 2.5-4.3 0.8-2.6 10 - 
2 2.5-4.5 0.5-2.5 24 6 repeated 
experiments 
2.2 3.6-4.0 1.4-1.8 3 - 
2.5 3.5-5.5 1.0-3.0 12 - 
2.7 3.5-5.5 0.8-2.8 12 - 
3 3.5-6.0 0.5-3.0 31 7 repeated 
experiments 
3.1-3.9 3.3-4.9 2.0-10.0 7 - 
 
The permeability measurements made with methane under both the constant stress (free swelling) 
and constant volume boundary conditions are summarised in Table 5-3. The methane permeability 
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measurements were only made in the face cleat direction because flow in the face cleats typically has 
a larger influence on gas production from a CSG reservoir (Gilman and Beckie 2000, Keim, et al. 
2011, Perera, et al. 2013). Figure 5-3 provides additional details on the orientation of the coal sample 
cube and the TSP operation procedures used to set the constant volume boundary condition as 
discussed further below. Before methane permeability measurements, the coal was evacuated in situ 
to a low vacuum pressure and purged with helium for several hours to ensure the coal was dry, and 
to provide a regulated and consistent initial coal condition. Then, a constant external stress of 4.0 MPa 
was applied and the coal was purged with helium at PP = 0.3 MPa. Once the flow, pressure and stain 
gauges reach steady-state, the initial volume of the coal was recorded from the outputs of the strain 
gauges (ε1,0, ε2,0 and ε3,0). This initial volume and strain state provides a base point for the strain gauge 
measurements, and is used to estimate strain from matrix swelling induced by methane sorption 
during the experiments. 
In the free swelling experiments, a constant external hydrostatic stress of 4.0 MPa was applied to the 
coal in both the horizontal (Pc) and axial (Pa) directions with an ISCO 260D syringe pump, and the 
effective stress was varied by controlling the methane injection pressure in five steps to achieve pore 
pressures from 0.3 MPa to 1.5 MPa. At each pore pressure step, methane was permitted to flow 
through the sample until both the measured strain and computed permeability (k) reached a steady-
state, which indicated a new equilibrium state had been reached. In some cases it took a very long 
time to reach equilibrium; for example, the measurement at PP = 1.5 MPa took more than 60 hrs to 
reach a steady state. After completion of the set of constant stress measurements with methane, the 
coal was degassed in situ under vacuum for three days and then purged with helium several times to 
completely desorbed methane from the sample. The complete desorption of methane was verified by 
checking the strain gauges had returned to the initial baseline values (ε1,0, ε2,0 and ε3,0) recorded under 
the initial low-pressure helium purge. 
The constant volume boundary condition experiments were conducted after the free swelling 
experiments, without removing the coal from the TSP. In these experiments, a hydrostatic stress of 
4.0 MPa was first re-established with the ISCO 260D pump with a methane pore pressure of 0.5 MPa. 
When the measured strains reached a steady value, the adsorption of methane on the coal was assumed 
to have reached equilibrium at the measurement condition, and the volume of the TSP sample holder 
was fixed by closing the isolation valve on the confining fluid line between the ISCO pump and the 
core holder as shown in Figure 5-3. Then, with the constant volume boundary established the methane 
pore pressure was increased in four steps to Pp = 2.0 MPa (Table 5-3). 
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Table 5-3: Experimental conditions used to measure methane permeability (k) of the coal sample 
UQ-B1 in the face cleat direction during the constant stress (free swelling) and constant volume 
experiments. The external stress (σ) is maintained applying the confining pressure (Pc) and axial 
pressure (Pa) on the coal sample. In these experiments the horizontal stress and axial stress applied 
were equal (Pc = Pa). For the constant volume experiments, the isolation valve (Figure 5-3) is closed 
after setting the external stress (σ) of 4.0 MPa.   
 Constant stress experiments Constant volume experiments 
S.No. External stress (σ) 
(MPa) 
Mean pore 
pressure (PP) 
(MPa) 
External Stress (σ) 
(MPa) 
Mean pore 
pressure(PP) 
(MPa) 
1 4.0 0.3 Initial Pc=Pa=4.0 MPa 0.5 
2 4.0 0.6  0.8 
3 4.0 0.9  1.2 
4 4.0 1.2  1.5 
5 4.0 1.5  2.0 
 
 
Figure 5-3: Coal sample orientation in the TSP and instrument flow diagram used to conduct the 
permeability experiments under free swelling and constant volume boundary conditions. The coal 
sample shows the orientation of the cleats, gas flow direction, and the strain gauges with respect to 
the TSP sample assembly. The flow diagram shows the isolation valve used to set the volume of the 
confining fluid in the constant volume experiments after setting the initial stress on the sample.  
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5.4 Permeability measured with helium under a constant stress boundary 
condition 
Figure 5-4 (a) shows the permeability of UQ-B1 measured with helium under a free swelling 
condition reduced from kface=9.54±0.3 md to kface=1.83±0.3 md in the face cleat direction and from 
kbutt=3.77±0.3 md to kbutt=1.10±0.3 md in the butt cleat direction when the effective stress was 
increased from 0.5 MPa to 4.0 MPa. These results show that at all effective stress conditions 
measured in this thesis the permeability in the face cleat direction of UQ-B1 is larger than the 
permeability in the butt cleat direction. The balance of this section of the thesis focusses on the face 
cleat permeability because this direction typically has a larger influence on gas production from a 
CSG reservoir (Gilman and Beckie 2000, Keim, et al. 2011, Perera, et al. 2013). 
To compare helium measurements of permeability in UQ-B1 with other reported coal permeabilities 
measured with liquid brines, any significant effects of gas slippage is calculated using the 
Klinkenberg equation:  
1
face
face abs
P
Kc
k k
P
 
  
 
 Equation 5-1 
Where Kcface is the Klinkenberg coefficient in face cleat direction and Pp is the mean pore pressure. 
The value of coefficient Kcface can be estimated at each effective stress condition from a plot of 
measured kface against the reciprocal of 1/Pp (Harpalani and Chen 1997), as shown in Figure 5-4 (b). 
The measurement in Figure 5-4 (b) and Table 5-4 only present the permeability data for σeff=1-3 MPa, 
as many permeability experiments were conducted at these stress conditions, as shown earlier in Table 
5-2, on which a linear line can be fitted to calculate the Klinkenberg effect. For comparison, the 
results of Harpalani and Chen (1997) for a coal from the San Juan Basin, USA, are plotted in Figure 
5-4 (b) using their reported parameters of Kc = 0.94 MPa and kabs = 0.3 md in Equation 5-1. For the 
UQ-B1 coal measurements, the slope of kface vs. 1/Pp for each effective stress condition is postive but 
not very large, with Kcface in the range of 0.0023 MPa to 0.0270 MPa (see Table 5-4). These results, 
and the comparison to the San Juan Basin coal data of Harpalani and Chen (1997), suggest that the 
effect of gas slippage in the face cleats of UQ-B1 is negligible at these measurement conditions. As 
there was no significant Kinkenberg effect observed in UQ-B1, the gas permeability results for UQ-
B1 is directly compared with other permeability data reported in the literature for Australian and 
American coals.  
Furthermore, as the magnitude of Kcface for the face cleats is small the Klinkenberg coefficient in the 
butt cleat direction (Kcbutt) is assumed of a similar magnitude, and consider the effects of gas slippage 
on measured permeability in the butt cleat direction (kbutt) to also be negligible. According to Figure 
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5-4 (a) the butt cleat permeability is in between ~1.5-3.8 mD and its Klinkenberg permeability should 
generate the similar graph as given by Figure 5-4 (b) in face cleat direction for the same permeability 
range. This assumption avoids the need for a large number of additional measurements to be made to 
determine Kcbutt and kabs,butt in butt cleat direction (similar to 116 experiments conducted in the face 
cleat direction as given by Table 5-2), and is not necessary because the remainder of this chapter will 
focus on flow in the face cleats. 
 
(a) 
 
(b) 
Figure 5-4: (a) Experimental results showing the helium permeability of the coal sample UQ-B1 
in the face cleat (kface) and butt cleat (kbutt) directions at different effective stress (σeff). The 
dotted lines show the curve fit according to the exponent law (least square regression using MS 
Excel 2016) and respectively fitted equations and their R2 are given side by side. (b) The helium 
permeability in the face cleat direction (kface) of the coal UQ-B1 is plotted against the reciprocal 
of mean pore pressure (PP) at various effective stress (σeff) conditions. The dotted lines show the 
linear fitting (least square regression using MS Excel 2016) that are used to calculate the 
Klinkenberg coefficient (Kcface) according to Equation 5-1. To compare the gas slippage effect in 
coal sample UQ-B1 the data from Harpalani and Chen (1997) is plotted by using Kc=0.94MPa 
and kabs=0.3 in Equation 5-1. 
 
Table 5-4: Magnitude of absolute permeability (kabs) and Klinkenberg coefficient (Kcface) at 
different effective stresses (σeff) for the coal sample UQ-B1 in the face cleat direction. 
σeff (MPa) kabs (mD) Kcface (MPa) 
1 5.15 0.0023 
1.5 3.80 0.0911 
1.7 3.37 0.0679 
2.0 2.92 0.0545 
2.2 2.67 0.0526 
2.5 2.54 0.0214 
2.7 2.31 0.0132 
3.0 2.06 0.0270 
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Figure 5-5 compares the permeability in the face cleat direction of Surat Basin coal UQ-B1 measured 
with helium with reported permeability of coals from the Surat Basin (Upper Juandah, Lower 
Juandah, and Taroom from Mukherjee, et al. (2017)) and Bowen Basin (South Bowen and North 
Bowen form Enever and Hennig (1997)), and Leichhardt colliery in Australia Gray (1987), and the 
Black Warrior Basin in the United States of America (Oak Grove and Cedar Cove from Enever and 
Hennig (1997)). Some caution is required in comparisons of the data in Figure 5-5 because the 
permeability results from these studies were obtained using different measurement techniques under 
various boundary conditions and with different fluids. For example, the permeability of Leichhardt 
colliery coal (Gray 1987) was measured using a dry gas in a triaxial permeability under a constant 
stress boundary condition (like the UQ-B1 helium measurements reported in this chapter); the 
permeabilities of the South and North Bowen Basin coals were measured using field tests (water 
injection decay test corresponding to the effective stress obtained from step-rate injection test (Enever 
and Hennig 1997)); and the permeabilities of the Upper Juandah, Lower Juandah and Taroom coals 
were estimated from drill stem tests (DST) (Mukherjee, et al. 2017). Figure 5-5 shows that the 
permeability of UQ-B1 measured in the TSP was two orders of magnitude lower at a given stress 
than the DST result for Lower Juandah and Taroom coals, and  this substantial permeability difference 
may be due either to the DST failing to register micro Darcy permeability, and/or the core sample 
used in the laboratory being too small to feature any large fractures. It is well known the DST usually 
ignore the lower magnitude of flow (as leakage) and hence do not register low end of the permeability 
(Peterson, et al. 1985). Also the Lower Juandah coals in the Walloon subgroup of the Surat Basin are 
relatively immature with poor cleat network, and permeability is dominantly controlled by the joints 
(Mukherjee, et al. 2017), and these dominant permeability joints are not captured in the core from 
which core sample UQ-B1 is cut. 
Despite the wide range of permeability reported for the coals in Figure 5-5, the slopes of the curves 
for each coal are all within 15 % of each other and by accounting the uncertainty in permeability 
measurement this data reveals a key insight about the cleat compressibility. These slopes of the semi-
log plots in Figure 5-5 represent the cleat compressibility (Cf) in the permeability formula: 
0
ln 3 f
k
C
k

  
    
   
(Seidle, et al. 1992). By fitting the permeability data of Figure 5-5 the cleat 
compressibility = 0.4056 MPa-1, 0.4926 MPa-1, 0.23793 MPa-1, 0.08621 MPa-1 and 0.0779 MPa-1 
calculate for Lower-Jundah and Taroom, Upper Jundah,  Leichhardt colliery, Cedar Cove and Oak 
Cove, respectively. A reported mean value of cleat compressiblity= 0.2117 MPa-1 (0.00146 psi-1) is 
reported by Yarmohammadtooski, et al. (2017) based on the data form the USA and Australia coal 
basin. In chapter 4 the cleat compressibility of coal sample UQ-B1 Cf1=0.1102-0.0333MPa
-1 
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perpendicular to the face cleats and Cf2=0.0588-0.0251MPa
-1 perpendicular to the butt cleats 
calculated at effective stresses of σeff = 0.5 - 4.0 MPa, which are comparable to the cleat 
compressibility of American coal more closely than Australian coal. The higher cleat compressibility 
of Australian coal calculated from Figure 5-5 suggest that: 1) reservoir permeability is driven by large 
cracks rather than cleats and these larges cracks are not captured in coal sample UQ-B1 or; 2) The 
DST only measure the higher end of permeability and neglecting the lower end of permeability in the 
measurement.  
 
Figure 5-5: Comparison of helium permeability of the coal sample UQ-B1 at constant stress 
boundary condition with various Australian coals (black lines) and American coals (red lines). The 
data of South Bowen Basin, North Bowen Basin, and Oak Grove and Cedar Cove (Black Warrior 
Basin ) were obtained from Figure 6 (b) of Enever and Hennig (1997); Upper Juandah, Lower 
Juandah and Taroom were taken from Figure 9 Mukherjee, et al. (2017); Leichhardt colliery data 
obtained from Figure 3 of Gray (1987). 
5.5 Experimental results using constant stress boundary condition 
5.5.1 Effect of stress on permeability 
There are two understanding of the effect of stress on permeability under constant stress boundary 
condition. The first understanding is that permeability will change as a result of effective stress, i.e. 
due to change in pore pressure. It is quite common in literature to see that when the effective stress 
decrease, the permeability increases, or vice versa, such as Zou, et al. (2016) measured the increase 
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in the permeability (k) from 0.005mD  to 0.039mD and 0.005mD to 0.03mD for coal sample M1 and 
M2 when effective hydrostatic stress decreased from 13.76MPa to 7.76MPa.  
The second understanding is that there should be no effect on permeability using different gases since 
any sorption induced swelling or shrinkage of the matrix will be accommodated (at equilibrium) by 
swelling the whole control volume (i.e., the bulk volume of the coal sample). A considerable 
proportion of the literature holds that the permeability changes when sorbing gases (e.g., CH4, CO2) 
are used compared with non-sorbing gas (He), e.g., Somerton, et al. (1975) shows the 60% reduction 
in permeability using methane gas compare to nitrogen. This is, however, a dynamic and short-term 
effect only since the equilibrium may take some time attain. 
These understandings were explicitly tested by performing constant stress permeability experiment 
using helium and methane gases, and the results are given in Figure 5-6. The results show that 
permeability changes with stress as expected and helium and methane permeability are almost the 
same- though methane is consistently slightly lower.  
The result in Figure 5-6 shows that methane permeability (k) in the face cleat direction using constant 
stress (free swelling) boundary condition increased from 1.52mD to 2.28mD when the pore pressure 
(PP) increase from 0.3MPa to 1.5MPa at the constant external stress of 4.0MPa, respectively. This 
increase in permeability (k) is due to the decrease in the effective stress (σeff) from 3.7MPa to 2.5MPa 
when the pore pressure (PP) increase from 0.3MPa to 1.5MPa. Methane gas produces swelling of the 
coal matrix that should reduce the permeability (k) by closing the cleats, but due to constant stress 
(free swelling) boundary condition matrix swells outward toward the sample boundary and hence 
aperture of cleat remains the same, this effect explained earlier in section 5.2.2. 
 
Figure 5-6: Comparison of the permeability (k) using methane and helium for free swelling (constant 
stress) boundary condition showing the permeability (k) decreases as the effective stress (σeff) 
increases or vice versa. 
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Although, in our case the methane permeability (k) always stays below the helium permeability (k) at 
corresponding effective stress (σeff), and the reason might be due to 1) the experiments may require 
much longer run time to reach final equilibrium, which may take a week or even months as such cases 
of longer experimental time reported in literature (Guo, et al. 2007, Siriwardane, et al. 2009) or; 2) 
matrix bridging that avoid the coal matrix deformation to the cleats/fracture (Liu and Rutqvist 2010, 
Guo and Cheng 2013). The matrix bridge assumes that fracture-aperture is partially separated from 
coal matrix which is considered entirely separate from coal matrix in a bundle and matchstick model 
(Seidle, et al. 1992). The matrix bridge restricts the swelling strain to completely propagate outward 
toward the boundary, and hence the cleats remain narrow which resulted in reduced permeability. 
In free swelling boundary condition, the permeability (k) of the sample remains same despite 
adsorption affinity of permeability (k) gas to the coal sample. The common understanding of coal’s 
permeability (k) is that it substantially reduced by using any swelling gas (such as methane or carbon 
dioxide) compared to one measured using helium gas or less adsorbed gases. The one example of 
such case study is given Somerton, et al. (1975) in which the permeability (k) of coal sample is 
measured at various hydrostatic stress conditions using nitrogen and methane gases, as given in Table 
5-5. The results in Table 5-5 showed that methane permeability (k) is 40.5%, 37.9%, and 44.08% less 
than the nitrogen permeability (k) at the hydrostatic stress of 1.8 MPa, 3.6 MPa and 7.18 MPa, 
respectively. The reduction in permeability measured by Somerton, et al. (1975) using swelling gas 
can be compared with the permeability (k) evolution of coal sample UQ-B1 as shown in Figure 5-7. 
In our free swelling boundary condition experiments, the methane permeability (k) of coal sample 
also reduced 40% to below 1.5mD in the first 10hrs, but as the swelling propagates inside coal matrix, 
the permeability (k) increased to the nearly initial magnitude of 2.29mD, as given in Figure 5-7. It 
means that Somerton, et al. (1975) may have reported the methane permeability before reaching the 
swelling equilibrium.  
Table 5-5: Permeability (k) of coal sample measured using nitrogen and methane gas showing the 
difference in the permeability (k) using nitrogen and methane gas at the same hydrostatic stress. The 
table regenerated using the data given in Table 15 of  Somerton, et al. (1975). 
Hydrostatic stress 
(MPa) 
Permeability to 
nitrogen (mD) 
Permeability to 
methane (mD) 
% reduction in 
methane 
permeability 
1.80 24.4 14.5 40.5 
3.60 15.3 9.5 37.9 
7.18 9.3 5.2 44.08 
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Figure 5-7: The methane permeability (k1) evolution of coal sample UQ-B1 in the face cleat direction 
using the free swelling boundary condition at hydrostatic external stress (σ)  of 4.0 MPa and pore 
pressure (PP) of 1.5 MPa. The graph showing the permeability (k1) reduce initially due to the closure 
of cleats/fractures but bounce back to almost to initial magnitude due to outward swelling toward the 
boundary. 
5.5.2 Swelling strain 
The swelling strain (ε1s, ε2s, and ε3s) measured during the methane permeability (k) experiments, and 
it shows the maximum swelling of ε1s=0.16%(ΔL/L) across face cleat direction at 1.5 MPa of pore 
pressure (PP). The swelling strain calculated by subtracting the effect of compressibility due to 
effective stress (σeff).The swelling face cleat direction (ε1s) is measured 2.37 times and 3.12 times 
higher compared to butt cleat (ε2s) and bedding plane (ε3s) directions, respectively, as shown in Figure 
5-8 and Table 5-6 which shows the swelling anisotropy of the coal sample UQ-B1 (εs1>εs2>εs3). The 
swelling strain in Figure 5-8 appears linear, but this is simply because the pore pressures (PP), are 
very low and in Henry’s law region. The higher swelling propensity in face cleat direction (ε1s) 
(compared to other two directions) is likely due to high porosity which is evident by the large strain 
in the face cleat direction compared to other two direction, as presented earlier in Figure 4-1.  
Swelling anisotropy was also reported in by Pan and Connell (2011) by measuring the swelling strain 
for Hunter Valley coal using methane gas using free swelling boundary condition, as given in Figure 
5-9.  Pan and Connell (2011) reported swelling anisotropy 2 times larger perpendicular to bedding 
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plane direction (~0.2% swelling strain) compare to parallel to bedding plane direction (~0.1% 
swelling strain) at ~1.8 MPa of methane pressure.  
 
Figure 5-8: Swelling strain of the coal sample UQ-B1 in face cleat (ε1s), butt cleat (ε2s) and bedding 
plane (ε3s) directions permeability (k1) measurement at the constant stress boundary condition by 
passing methane in the face cleat direction. The discrete points are showing the experimental data 
for swelling strains (ε1s, ε2s, and ε3s) after subtracting the strain (ε1, ε2 and ε3) due to compressive 
stresses using the data from Chapter 4. The continuous lines are showing the Langmuir isotherm type 
curve fitting for swelling strains using non-linear regression (nlinfit) in Matlab 2016b, and fitting 
parameters given in Table 5-7. 
 
 
Figure 5-9: Anisotropic swelling strain parallel and perpendicular to bedding plane by using 
methane gas as given by Fig.7. in Pan and Connell (2011).  
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Table 5-6: The results of methane permeability (k1) for the coal sample UQ-B1 in the face cleat 
direction by using free swelling boundary condition with external stress (σ) of 4.0MPa. The 
corresponding swelling strain in the face cleat (ε1s), butt cleat (ε2s), and bedding-plane (ε3s) directions 
are tabulated. The swelling strains are calculated by subtracting the strain (ε1, ε2, and ε3) using the 
data from Chapter 4. Note: %(ΔL/L) is the percentage change in the length per unit length of the coal 
sample in the corresponding direction. 
Note: 
Pore pressure (PP) 
(MPa) 
Permeability (k) 
(mD) 
ε1s 
%(ΔL/L) 
ε2s 
%(ΔL/L) 
ε3s 
%(ΔL/L) 
1 1.5 2.29 0.159822 0.067373 0.0511892 
2 1.2 1.94 0.114056 0.048935 0.0436227 
3 0.9 1.75 0.096723 0.049126 0.0347884 
4 0.6 1.63 0.047295 0.017880 0.0246133 
5 0.3 1.53 0.027260 0.014916 0.0130702 
Swelling strains given in Table 5-6 
 
Table 5-6 are modeled by fitting the Langmuir isotherm type model using non-linear regression 
(nlinfit) in Matlab 2016b as given by Equation 5-2 by assuming PL=4.6, and the results are given in 
Table 5-7. The PL is taken as 4.6 MPa because for the range of pore pressure (PP) used to measure 
methane permeability (k) the swelling strains in all directions is almost linear. Due to this linearity, it 
is hard to fit a unique Langmuir isotherm type model because many different magnitudes of εmax and 
PL can be fitted to model the swelling strain. Therefore, using the adsorption data form Chapter 3, the 
PL is taken as 4.6 MPa. As the swelling strain is directly proportional to the amount of gas adsorbed, 
therefore this assumption of taking PL=4.6 MPa is further supported.  
max  P
s
P L
P
P P

 

 Equation 5-2 
 
Where εmax is the maximum swelling strain at infinite pressure, PL (MPa) is the gas pressure at which 
εmax is half (Shi and Durucan 2004), εs is the swelling strain, and PP is the pore pressure (MPa). 
Table 5-7: Summary of Langmuir type model fit to swelling strains across the face cleat (ε1s), butt 
cleat (ε2s) and bedding plane (ε3s) directions for permeability (k) experiments conducted for the coal 
sample UQ-B1 using free swelling boundary condition. These results fitted after adjusting the stains 
(ε1, ε2, and ε3) using the data from Chapter 4. These results plotted in Figure 5-8 as a continuous line. 
 εmax 
%(ΔL/L) 
PL 
(MPa) 
Across butt cleat  0.26 4.6 
Across bedding plane 0.21 4.6 
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Across face cleat  0.55 4.6 
5.5.3 Modeling the permeability under constant stress boundary condition 
As a simple check on the plausibility of the permeability measurements, by helium and methane gases 
using constant stress (free swelling) boundary condition, three different permeability models have 
been applied: the uniaxial strain assumption by Palmer and Mansoori (1998), the triaxial stress 
condition by Connell, et al. (2010) and an anisotropic model that is modified form of Robertson and 
Christiansen (2008) permeability model and given in Equation 5-3. The anisotropic model derived 
by adding the effect of deformation of the two orthogonal directions to the deformation of the 
principal flow direction.  
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Equation 5-3 
Where, PP is the mean pore pressure, νf and νm if the Poisson’s ratio for fracture and matrix, and Ef 
and Em is the elastic modulus for fracture and matrix in corresponding directions, the subscript 1, 2 
and 3 are representing the face cleat, butt cleat, and bedding plane direction. 
It should be noted that this is not a “fair” comparison since the basic assumptions and/or purposes of 
the models are violated, it is simply a rough comparative check that the trends are consistent and 
quantitatively reasonable. The parameters used to model the permeability (k) taken from Chapter 3 
and 4. Initial porosity (ϕ0) is calculated using the MIP measurement for Kn=0.1 and found to be 
ϕ0=0.674%. The Poisson’s ratio (ν) taken as 0.10 and Modulus of Elasticity (E) used from Chapter 4. 
The cleat compressibility calculated by taking the reciprocal of E. The parameters specific to Palmer 
and Mansoori (1998) model used g=0.3, f=0.5, and γ=0. The adsorption does not play a significant 
part in the permeability (k) at equilibrium in free-swelling experiments, and therefore the swelling 
strain terms neglected in all three models.  
It is worth to note that all parameters used in the model the permeability (k) are independently 
measured in this thesis and none of the parameters fitted using the permeability (k) data. For example, 
the modulus of elasticity, cleat compressibility, and Poisson’s ratio measured during the stress-strain 
loading/unloading in Chapter 4. The porosity was measured using the mercury intrusion porosimetry 
in Chapter 3, to characterize the pore size distribution of the sample. In literature, it is quite often 
noted that model are parameters fitted to measured permeability (k), and these parameters again used 
to verify the same permeability (k) data, especially cleat compressibility (Cf). For example, Shi and 
Durucan (Shi and Durucan 2004, Shi and Durucan 2005) used the measured permeability to fit cleat 
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compressibility using their model. Other fitting examples can be found in the literature (McKee, et 
al. 1988, Robertson and Christiansen 2008, Connell, et al. 2016). 
The comparison of experimental result with the permeability models shows that the results of the 
anisotropic model are close to experimental data, compared to the results of the models, as shown in 
Figure 5-10. The primary reason for the deviation of Palmer and Mansoori (1998) model from the 
experimental results is because it derived using the assumption of uniaxial constant stress boundary 
condition, while the experiment conducted in this study used triaxial constant stress boundary 
conditions. Secondly, due to neglecting the adsorption effect, the Palmer and Mansoori (1998) model 
reduced to Equation 5-4, which only depends upon matrix compressibility (cm) and initial porosity 
(ϕ0). Similarly, Connell, et al. (2010) also reduced to Equation 5-5 in which only external parameter 
is cleat compressibility (cf). Although, Pan and Connell's model is derived using the triaxial stress 
condition, neglecting anisotropic effects leads to the deviation from the experimental data. The 
anisotropic terms in Equation 5-5 are by considering the Poisson’s ratio and cleat elastic modulus in 
the directions perpendicular to flow direction. Although the anisotropic terms are themselves quite 
small, these terms appear as the coefficient of the exponential function, which increases even a small 
contribution to quite a large magnitude.  
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Figure 5-10: Comparison of helium and methane permeability (k) at constant stress boundary 
condition with three permeability models: Palmer and Mansoori (1998), Connell, et al. (2010) and 
anisotropic permeability model. 
5.6 Experimental results using constant volume boundary condition 
5.6.1 Permeability measurement and effective stress 
The methane permeability (k) results from experiments on the coal sample UQ-B1 using the constant 
volume boundary condition show the decrease in the permeability (k1) from 1.45mD to 0.07mD when 
the pore pressure (PP) is increased from 0.5MPa to 2.0MPa. The results are presented in Figure 5-11 
along with the permeability (k) results of the free swelling boundary condition experiment for the 
comparison. The rise of pore pressure (PP) using methane gas trend to swell the coal matrix due to 
adsorption. Because the adsorption at constant volume boundary condition only allows the coal 
matrix to swell inwards, this reduces the aperture of the cleats, in turn reducing the permeability (k) 
of the coal sample. At pore pressure (PP) 0.5MPa and 0.8MPa, the permeability (k) only decrease 
from 1.45mD to 1.41mD, indicating only a extent of methane adsorption in the sample at these 
pressures. On the other hand, at the same pore pressures (PP) of 0.3MPa and 0.8 MPa, the hydrostatic 
stress (σ) on the sample has increased from 4.0 MPa to 4.26MP (at PP =  0.3MPa) and 4.62 MPa (at 
PP =  0.83MPa). As the cleats are compressed, there is an increase in the reactionary forces opposing 
cleat compression which are the reflected in the hydrostatic stresses.  
The increase in hydrostatic stress (σ), while stepping up the pore pressure (PP), also changes the 
effective stress (σeff) on the sample. The hydrostatic stress (σ) increased from 4.0 MPa to 7.3 MPa 
when pore pressure (PP) increased from 0 to -2.0 MPa. Therefore, for 2.0 MPa increase in pore 
pressure (PP), the hydrostatic stress (σ) increased 3.3 MPa. The additional 1.3 MPa (3.3-2.0=1.3) 
increase in hydrostatic stress (σ) creates an addition to the effective stress (σeff) on the sample. Thus, 
when pore pressures (PP) increases: 1) effective stress (σeff) increases and; 2) permeability (k) 
decreases. Since stress and strain are related through Elastic Modulus, the change in permeability can 
consequently be understood either as a result of swelling (the root cause) or as a result of increased 
net stress (a reactionary result from not allowing the boundary to move outwards). The latter possibly 
provides a more convenient basis for situations where the ‘volume’ is constrained, but not necessarily 
to the extent that is completely immovable (i.e., constant). 
Unfortunately, there are not many experiments reported in the literature that utilize the constant 
volume boundary condition to measure the methane permeability (k) of coal samples. Massarotto 
(2002) used the constant volume boundary condition for Test 16, Ch Sp 3 (Figure 51 on page 100 
(Massarotto 2002)) and measured the decrease in the permeability (k) from ~5mD to ~1.2mD (400% 
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decrease) and increase in effective stress (σeff) ~2.9MPa to 3.9MPa (Figure 52 on page 100 
(Massarotto 2002)) when the methane pore pressure (PP) changed from ~2.75MPa to 8.0MPa. This 
result also shows the decrease in the permeability (k) and increases in effective stress (σeff) when pore 
pressure (PP) is increased during constant volume boundary conditions.  Wang, et al. (2017) also 
reported increases in confining stress to ~0.9MPa, 1.5MPa, 2.5MPa and 3.0 MPa when the pore 
pressure (PP) increase from 2.0MPa, 3.0MPa, 3.8MPa and 4.4MPa respectively, during the methane 
permeability (k) measurement of the coal sample using constant volume boundaries. The permeability 
(k) measured by  Wang, et al. (2017) remains around 0.423mD-0.431mD despite a relatively large 
increase in pore pressure ΔPP=2.4MPa (4.4MPa-2.0MPa=2.4MPa) which should that the increase in 
confining pressure counterbalance the effect of increasing pore pressure (PP) and hence not much 
change in the permeability (k) measured. 
The decrease in permeability (k) with an increase in effective stress (σeff) applies equally as a 
mechanism to explain both constant stress and constant volume boundary conditions. As shown in 
Figure 5-12, irrespective of the nature of the boundary condition, or even type of gas (sorbing-CH4 
or non-sorbing-He) used to measure permeability (k), the general inclination of permeability (k) is 
equivalent, at least to a first approximation, when plotted against effective stress (σeff). The differences 
may in part be attributed to the observations that, in constant volume boundary conditions, the axial 
(in the flow direction) and radial stresses become anisotropic, so “effective stress” becomes an 
averaged quantity; and between methane and helium (constant stress) measurements there may be 
some residual internal stresses that would relax more completely over time, as explained earlier; and 
some calculation short-cuts, for example using an arithmetic average of inlet and outlet pressures for 
pore pressure. 
 
(a) 
 
(b) 
Figure 5-11: (a) Methane permeability (k) of the coal sample UQ-B1 using the free swelling and 
constant volume boundary conditions. The dotted lines represent the polynomial fit (using five order 
polynomial in Ms Excel 2016) to the experimental data to show the general trend of the permeability 
98 
 
(k). (b) Confining pressure during the constant volume boundary condition experiments, note that 
initial confining pressure was locked at ~4.0MPa was maintained and the increase in the confining 
pressure is due to countering the swelling strain. 
 
Figure 5-12: Comparison of helium and methane permeability (k) of coal sample UQ-B1 using the 
free swelling (constant stress) and constant volume boundary conditions. 
5.6.2 Swelling strain 
The strain gauge results showed a quite small magnitude of swelling strain during the methane 
permeability (k) measurement using constant volume boundary condition. The result of swelling 
strain, given in Figure 5-13 and Table 5-9, shows the maximum swelling strain of only 0.04% across 
face cleat direction at 1.5 MPa of pore pressure (PP). On another hand, there was a 0.16% strain 
measured at same 1.5MPa pore pressure (PP) using constant stress boundary condition, in Figure 5-8. 
The swelling strain during constant volume boundary condition was four times less than during 
constant stress boundary condition, at the same pore pressure (PP). This small magnitude of swelling 
strain when the expansion of the bulk volume of coal is restricted during the constant volume 
boundary condition, confirms that it is due to internal swelling of coal matrix into the softer 
cleats/pores. Due to the internal swelling, the cleat aperture is reduced, resulting in the decrease in 
the permeability (k) of coal.  
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Figure 5-13: Swelling strain on coal sample UQ-B1 using the constant volume boundary condition. 
The continuous line shows that Langmuir isotherm type curve using non-linear regression (nlinfit) in 
Matlab 2016b, and fitting parameters given in Table 5-9.  
Table 5-8: The results of methane permeability (k1) for the coal sample UQ-B1 in the face cleat 
direction by using the constant volume boundary condition. The corresponding swelling strain in the 
face cleat (ε1s), butt cleat (ε2s), and bedding-plane (ε3s) directions are also tabulated. The swelling 
strains calculated after subtracting the strain (ε1, ε2, and ε3) using the data from Chapter 4. Note: 
%(ΔL/L) is the percentage change in the length per unit length of the strain gauge. 
S.No. Pore pressure (PP) 
(MPa) 
Permeability (k) 
(mD) 
ε1s 
%(ΔL/L) 
ε2s 
%(ΔL/L) 
ε3s 
%(ΔL/L) 
1 0.5 1.45 0.0135 0.0059 0.0048 
2 0.8 1.41 0.0156 0.0071 0.0055 
3 1.2 1.02 0.0316 0.0128 0.0105 
4 1.5 0.38 0.0405 0.0165 0.0146 
5 2 0.07 0.0482 0.0185 0.0144 
  
Table 5-9: Summary of the Langmuir type model fit to swelling strain across butt cleat, bedding 
plane, and face cleat direction. These results plotted in Figure 5-13 as a continuous line. 
 εmax 
%(ΔL/L) 
PL (MPa) 
Across butt cleat 0.06 4.6 
Across bedding plane 0.05 4.6 
Across face cleat 0.15 4.6 
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5.6.3 Modeling the permeability under constant volume boundary condition 
To understand the physics behind the permeability results of constant volume boundary condition, 
results using a constant volume boundary condition were simulated based permeability model by Ma, 
et al. (2011) in section 5.1. The basic idea of this model is to relate the bulk strain (εb) of coal with 
pore strain (εp) and grain strain (εg) through porosity (ϕ), as given by the following Equation 5-6, 
 (1 ) b p g           Equation 5-6 
To apply constant volume boundary condition, 0b   which leads to the following Equation 5-7, 
 (1 ) p g         Equation 5-7 
   
The above equation shows that the swelling of coal matrix is equal to the closure of cleat’s aperture 
if the bulk volume of the sample remains unchanged. Further, the effect of mechanical compression 
and matrix shrinking/swelling effect combined to formulate the following Equation 5-8, 
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Equation 5-8 
 
   
Although Equation 5-8 may seem quite complicated, it only requires five property parameters which 
are given in  
Table 5-9. β and εmax are sorption related parameters, and they are taken from  
Table 5-9 for the face cleat direction. of the values for Poisson’s ratio (ν), elastic modulus (E), and 
porosity (ϕ0) are taken from Chapter 3 and 4. 
Table 5-10: Parameters used to model permeability based on constant volume boundary condition 
through Equation 5-8. 
β 
(1/MPa) 
εmax 
(%)ΔL/L 
ν E 
(MPa) 
ϕ0 
(%) 
1/4.6 0.15 0.10 4540 0.674% 
The result of permeability model shows the same trend with the experimental data, excepting perhaps 
the lowest pore pressures (PP).  
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Figure 5-14: Ma, et al. (2011) permeability model used to simulate the experimental results of 
methane permeability using the constant volume boundary condition. 
5.7 Summary 
In this chapter, the effect of stress (σ) on the permeability (k) of the coal sample UQ-B1 as 
experimentally determined is presented and explained from a theoretical perspective using the free 
swelling (constant stress) and constant volume boundary conditions using methane a probe gas. In 
section 5.4, initially, a baseline case of permeability is developed by using helium gas which is found 
to be directionally anisotropic in the face cleat (k1=9.54-1.83mD) at butt cleat (k2=3.77-1.10mD) 
directions when the effective stress (σeff) increased from σeff=0.5MPa to 4.0MPa. The result of helium 
permeability in the face cleat direction (k1) used to estimate the Klinkenberg coefficient (Kc1) = 
0.0023-0.0911MPa which shows that gas slippage (Klinkenberg effect) is not significant and can be 
neglected for the experiments reported here. In section 0, the free swelling experiments using methane 
gas in face cleat direction calculated permeability (k1) from 2.28mD to 1.52mD for the effective stress 
(σeff) from 3.7MPa to 2.5MPa, results within -15% to helium permeability in the face cleat direction, 
section 5.4, at similar effective stress (σeff) magnitudes. In section 5.6, the constant volume 
experiments using methane gas show the decrease in the permeability (k1) from 1.45mD to 0.07mD, 
when the pore pressure (PP) is increased from 0.5MPa to 2.0MPa, due to increase in effective stress 
(σeff) to nearly 5.3MPa caused by restricting the swelling of the coal sample. From the experimental 
results of permeability (k) using helium and methane gases, it may be concluded that permeability (k) 
is approximately inversely proportional to the effective stress (σeff) on the coal sample, over the 
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limited range measured. As the effective stress (σeff) increases the permeability (k) decreases (and 
vice versa) no matter what is the boundary conditions or the gas used to conduct the experiments. 
Furthermore, the strain (ε) measured on the sample used to calculate the swelling was found to be 
higher ε1s=0.16%(ΔL/L) for free swelling experiments compared to ε1s=0.04%(ΔL/L) in constant 
volume experiments (values for the face cleat direction). The experimental results are modeled using 
the models: Palmer and Mansoori (1998); Connell, et al. (2010);  Ma, et al. (2011); and an anisotropic 
model which is an extended form of the Robertson and Christiansen (2008) model. The modeling 
results show reasonable agreement between free swelling permeability with an anisotropic model in 
section 5.5.3, and constant volume experiments with Ma, et al. (2011) model in section 5.6.3. 
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Chapter 6 Permeability prediction for the coal sample at various 
effective stress conditions using MIP and stress-strain measurements  
This Chapter presents a novel, simple, economical, and time effective method to estimate the 
anisotropic permeability of the coals, by avoiding the tedious experimentation using triaxial 
permeameter or the history matching exercises. This method calculates the absolute magnitude of the 
permeability of the sample. In this regard it is unlike other analytical permeability models, such as 
given by Shi and Durucan (2014) and Palmer and Mansoori (1998),  that only calculate the 
permeability ratio (k/k0).  
The motivation is to find a method by which the permeability of the coal may be determined with 
reasonable accuracy by using only two easy measurements: 1) Mercury Intrusion Porosimetry (MIP) 
and; 2) Anisotropic stress-strain (σ-ε) measurement.  
The experimental determination of permeability, stress and swelling using core flooding rigs, for 
example the triaxial stress permeameter used in this thesis,  can require days, weeks or even months 
to measure the equilibrium permeability (Guo, et al. 2007, Siriwardane, et al. 2009). In contrast MIP 
measurement can be done in around 3 hours and stress-strain measurements can be done in less than 
2 hours, using an Instron type Universal testing machine.  
Typically, core flooding rigs required an intact cylindrical core which may be quite hard to acquire. 
The proposed method requires only a small sample to estimate the permeability: 1) MIP can be 
conducted using the offcuts from the core (few grams in weight) and; 2) stress-strain measurement 
only require samples having planer edges to fit in Instron’s, jaws, essentially regardless of sample 
size, although the sample must obviously be big enough to be representative of the coal being tested. 
This method is more than tenfold more economical compared to the permeability measurement in a 
triaxial stress permeameter. The MIP measurements cost about $250 
(http://www.concretetesting.com/test-pricing/) and the stress-strain measurement about $300 
(http://people.alfred.edu/~giesche/Prices.htm). Even including computational work, the cost of 
permeability estimation using this method is unlikely to exceed$1000/sample. On the other hand, the 
anisotropic permeability and stress-strain measurements using a triaxial stress permeameter typically 
cost $10,000 - $20,000, depending on the range of tests required.  
The main blocks of the method are based on 1) cleat size which is obtained from MIP and randomly 
allocated to form flow-channels/cleats through the coal; 2) these cleats form parallel paths in the 
orthogonal face and butt cleat directions which provide the permeability; and 3) the cleat width (b) is 
stress dependent.  
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In this Chapter, the use of these blocks are first described and then each step is explained by presenting 
the detailed calculations used to estimate the stochastic permeability of the coal sample UQ-B1 at the 
zero effective stress (σeff = 0MPa) condition. The application of this method is then shown at higher 
effective stress (σeff > 0MPa) by calculating stressed permeability using: 1) constant stress (free 
swelling) and; 2) constant volume boundary conditions. The calculated results are then compared 
with the experimental permeability of coal sample UQ-B1 from Chapter 5 for the respective boundary 
conditions. The reliability of this method further tested by comparing it with another sample of a 
completely origin i.e., German coal, whose stressed permeability was previously measured at UQ 
using a different apparatus in an independent study of the properties of this coal.  
6.1 Introduction 
The method developed to estimate the permeability is quite simple, time, and cost-effective. Use of 
the pore volume (VP) to make physical cleats is quite intuitive and straightforward. It joins cleats that 
are assumed to run the entire (40mm) height of the sample (through the bedding planes) in, for 
example, the face cleat direction. If the cleat width is b (in mm for illustrative purposes), and the 
volume of the cleat is VP (in mL units), then the depth of the cleat (in the face cleat direction) is 
VP/(b×40) mm. For example, Figure 6-1 shows the four different cleat widths (b) to form a thorough 
cleat in a L=40mm cubic coal sample. The MIP reports the intruded mercury volume for particular 
cleat sizes which are determined depending on the pressure increment steps, typically b = 90m, 
45μm, 30μm, 22μm and so on. If the pore volume (VP) of the 90μm cleats is insufficient to make a 
cleat that extends right through the sample depth of 40mm, then is added in series next size down i.e., 
45μm, 30μm etc. is joined in series to form the cleat. There are obviously many ways to allocate cleat 
volume for a particular cleat of width b, rather than this simple serial approach and these are discussed 
later. 
 
Figure 6-1: Pore volume (VP) corresponds to cleat width (b) =90μm, 45μm, 30μm, and 22μm joined 
in series to form a thorough cleat in a L=40mm cubic coal sample (top view looking down through 
the ply). 
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The cleat/fracture network in coal mainly determines the permeability, and any change in the physical 
properties of this network may result in the permeability change. By knowing the physical properties 
of the cleat network, such as cleat width (b); and cleat spacing (s), the parallel flow permeability 
model, such as given by the idealised cartoon in Figure 6-2 may be applied to calculate the 
permeability of the coal using Equation 6-1, 
3
12 
b
k
s
  
Equation 6-1 
 
                                
 
Figure 6-2: A schematic representation of the Parallel Flow Permeability Model showing the equally 
space cleat of width=b and cleat spacing =s in a cubic coal sample of edge length=L. The Equation 
6-1is derived by considering the laminar flow through the control volume. 
Althought the application of Equation 6-1 seems quite straight forward but the variation in the cleat 
width (b) and estimation of cleat spacing (s) is not that simple. The variation in the cleat width (b) 
reported by Gamson, et al. (1993) using microscopy technique was found to range from 0.001 to 
20mm in Bowen Basin coals. Comparably, the cleat width (b) calculated by fitting the reservoir data 
of San Juan and Black Warrior Basins has been estimated to be 3 to 40μm (Laubach, et al. 1998) 
using a history matching method. There are various other studies showing the variability of cleat 
aperture under relexed conditions using core analysis, computre tomography, and micro-CT scan 
techniques and can found else where (Laubach, et al. 1998, Mazumder, et al. 2006, Solano-Acosta, 
et al. 2007, Yao, et al. 2009). These researchers show not only that range of the cleat width is quite 
large within a reservoir, but also it changes dramatically for different reservoirs and coal measures. 
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Similarly, the variability in the characteristic cleat spacing (s) is recognized by many researchers 
(Kendall and Briggs 1933, Laubach, et al. 1998) and depends on several factors, such as: coal rank; 
reflectance; fracture formation and annealing (Levine 1993), coal type and ash content (Spears and 
Caswell 1986, Tremain, et al. 1991, Law 1993). Clearly to use Equation 6-1for any real coal it is 
necessary to determine a characteristic value of cleat width (b) and spacing (s). 
MIP measurement can be used to calculate the cleat width (b) and once b is known it can be used find 
the cleat spacing (s) by assuming that all cleats are equally spaced. Generally, the MIP measurements 
are represented as a cylindrical pore size distribution by using the Washburn equation (Washburn 
1921, Guo, et al. 2016, Fang, et al. 2018). But with a slight modification the Washburn equation can 
be used to calculate slit pore size distribution with a characteristic size b, which is more appropriate 
to define cleats than considering them as cylindrical pores (see equation 22 and 23 by Cebeci (1977)). 
Knowing b, Vp and the height of the cleat (which is 40mm that represent the height of the coal sample 
UQ-B1) the equivalent length of a cleat size of b is known.  
The cleat spacing (s) can be found either by using microscopy or by history matching, the method 
proposed here is to calculate them by using the pore volume (VP) and pore sizes obtained through 
MIP by assuming equally spaced. The mercury pore volume is aligned in series to form cleats 
thorough in the coal sample. Since the total sum of the lengths of the cleats 
max
min
b
i
b
b
 
  
 
   is known, the 
number of “through-cleats” can found and hence the cleat spacing (s). The final step is then to 
calculate the permeability calculated using Equation 6-1.  
As MIP measurments provides the cleats of different sizes therefore the cleats of interest range from 
the largest size (bmax = 90μm) to the smallest (bmin) that make a significant contribution toward Darcy 
flow. The Knudsen number (Kn) reveals the smallest limit of the cleat width (bmin) that contributes to 
Darcy flow. 
The way that the various cleat sizes (b) are assembled to form any individual through-cleat from the 
available sizes is not known. Consequently, a stochastic method is applied by creating 10,000 random 
scenarios in which a random proportion of each cleat size is allocated to each of the through-cleats 
thus generating different possible arrangements of cleats. For each scenario, the permeability of the 
resulting cleat structures may be calculated, providing a probability density function (pdf) for 
permeability. This stochastic method generates the pdf for permeability which can be statistically 
analyzed to estimate the most probable and likely range of permeabilities at the given conditions. 
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 Two important points need to addressed: (i) the method is sensitive to the smallest cleat size (since 
this represents a bottleneck in the cleats) and (ii) how best to divide the cleats that are generated 
between the face- and butt cleat directions. These issues are discussed later. 
The data required for the method is provided by measuring the MIP and the stress-strain (σ-ε) data 
for coal sample UQ-B1 as provided in in Chapter 3 (section 3.1.1) and Chapter 4 (section 4.4), 
respectively are used in this Chapter. 
To explain this method in a series of steps, a workflow is established in the following section 6.1.1 
which describe the stochastic permeability (k) estimate of coal sample using a non-sorbing gas at zero 
effective stress condition. 
6.1.1 Workflow 
The work flow is the step by step description of pore volume distribution in to cleats as described in 
the previous section. The work flow dividided in to eight steps as shown in Figure 6-3 and in a broader 
sense, it describes the random distribution of the cleat width length among a fixed number of cleats 
(step one to four), calculating each cleat permeabiltiy using Equation 6-1 (step five and six), and 
averaging individual cleat permeability to calculate bulk sample permeabiltiy (step seven). The step 
eight used to incorporates anisotropic stress dependency in permeability using the stress-strain 
measurment.  
In first step the minimum cleat width (bmin) is calculated which define as the lower limit of cleat width 
in MIP measurement. The MIP measurment typically measures up to nanmeter pore size and the small 
pore do not contribute in the Darcy flow, therefore, bmin eliminate these small pore sizes from the 
analysis. The bmin calculated using the appropriate Knudsen number (Kn) for Darcy flow which is the 
ratio of mean free path (λ) of fluid (helium, methane or any respective permeability fluid) and 
characteristic length of conduit (which represents bmin).  
In second step the pore volume (VP) corresponds to each cleat width (from bmin to bmax) is calculated 
by scaling up the MIP measurement, and is named as effective incremental volume (Vb). The MIP 
measurement is conducted on smaller sample and hence the data needed to be scaled up for 40mm 
cubic coal sample using the sample volume (Vsample) and density (ρsample). In this step the pore volume 
(VP) is distributed anisotropicaly in face cleat (𝑉𝑏
𝑓𝑎𝑐𝑒
) and butt cleat direction (𝑉𝑏
𝑏𝑢𝑡𝑡) using stress-
strain measurement, as explained later with step eight. 
In third step, the cleat contribution (Cb) is calculated that represents the number of thorough cleats 
formed corresponds to each cleat width (b) in a 40 mm cubic coal sample. For example, 𝐶10
𝑓𝑎𝑐𝑒
=0.5 
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shows that cleat width (b)=10μm only contains pore volume that can make half (or 20mm) of a 
thorough face cleat. The cleat contribution (Cb) is calculated by taking the ratio of effective 
incremental volume (Vb) of corresponding cleat width (b) and pore volume required to make a 
thorough cleat (Vreq) of the same size in a 40 mm cubic coal sample. 
In forth step, a cleat distribution model (CDM) is used to randomly distribute a fraction of each cleat 
width contribution (Cb) among the fixed number of cleats (n). The randomization of process makes 
sure that each cleat width length has equal chance to be part of the thorough cleats which means that 
each thorough cleat may comprise of many cleat width (b) sizes. The number of thorough cleats (n) 
in 40mm cubic sample are calculated by rounding down the sum of all cleat contribution (Cb). For 
example, if sum of all cleat contribution in face cleat direction is (𝐶𝑏
𝑓𝑎𝑐𝑒
) is 4.75 ( 4.75bC  ) it 
shows that four thorough face cleats (𝑛𝑓𝑎𝑐𝑒=4) are present in a 40 mm cubic sample.  
In fifth step the cleat spacing or matrix width (s) is calculated by dividing the length of sample 
(L=40mm) with the number of cleat plus one (n+1). The one is added in the denominator as the 
number of individual coal matrix that separate the cleats are one higher than total thorough cleats (see 
Figure 6-2). 
In sixth step, the parallel flow permeability model (Equation 6-1) used calculate the permeability (k) 
of each thorough cleat in 40mm cubic coal sample by using cleat width (b) and cleat spacing (s). If 
the thorough cleat is composed of more than one cleat width i.e., a composite cleat, then permeability 
of each cleat width present with in a composite cleat is calculated separately and further a harmonic 
average used to calculate the permeability (k) of the thorough composite cleat (see chapter 2 of 
(Apostolos Kantzas 2018) for harmonic averaging).  
In seventh step, the bulk permeability of sample is calculated by taking the weighted average of the 
permeability of each thorough cleat. The weighted average method describe by Apostolos Kantzas 
(2018). 
The above steps explain a simple process to estimate the zero effective (σeff = 0MPa) stress 
permeability and in step eight stress-strain measurement is used with the same concepts as defined in 
step one to seven to calculate; 1) anisotropic permeability and; 2) permeability at higher effective 
stress (σeff > 0MPa). Anisotropic permeability required to distribute the pore volume directionally, for 
example in face cleat and butt cleat directions, while permeability at higher effective stress (σeff > 
0MPa) required the compressed cleat width (b) at corresponding stress magnitude. 
The anisotropic permeability is calculated by distributing the pore volume in corresponding flow 
directions, for example face cleat and butt cleat directions, based on their strain response against the 
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applied stress. Cleats/pores are the soft material in coal, compared to nearly incompressible matrix, 
which favours cleats/pores to strain a lot more at a given stress magnitude. It means that the direction 
in 40 mm cubic sample that strain more than other directions logically contains more cleats/pores 
which allows to distribute the MIP pore volume directionally based on strain-strain measurement 
accomplished in Chapter 4. Once the pore volume is directionally distributed, step one to seven can 
be applied independently in each direction to calculate anisotropic permeability. 
The stress dependent permeability is estimated by calculating the new cleat width (b) at each stress 
magnitude by using the cleat compressibility (Cf) from Chapter 4. As the number of cleats and their 
cleat width distribution is already know at zero effective stress magnitude, therefore, the new cleat 
width only replaces the old ones and similar steps that used to calculate zero effective stress 
permeability are applied to calculate stress dependent permeability. 
Using the above steps description, simultaneously, anisotropic stress dependent permeability of a 40 
mm cubic coal sample can be estimated. In the following section, an example of coal sample UQ-B1 
in used to practically demonstration the workflow steps to estimate the anisotropic stress dependent 
permeability. 
6.2 Permeability estimation of coal sample UQ-B1 at zero effective stress 
condition using cleat distribution model (CDM) 
In this section, the MIP and stress-strain (σ-ε) measurements of the coal sample UQ-B1 are used to 
estimate the permeability (k) of UQ-B1 as an example, following the workflow provided in Figure 
6-3. The MIP and stress-strain (σ-ε) measurements for UQ-B1 are given in Chapter 3 and Chapter 4, 
respectively. In this section the permeability is obtained at zero effective stress, and then extended in 
section 6.3 for the dynamic variation in permeability with changing conditions, for sorbing and non-
sorbing gases, under constant stress and constant volume boundary conditions.  
Initially, step 1 to 7 are used to calculate the permeability (k) at zero effective stress (σeff=0) 
conditions. Where stress or swelling affects the permeability, this all occurs as a result of these 
conditions altering the widths of the cleats (bi), due to changes in effective stress (σeff>0), which is 
explained later in section 6.3. Since (as already shown in Chapter 5) for the constant stress (free 
swelling) boundary condition, sorption does not affect permeability, the nature of the gas (i.e., 
whether   methane or helium) is not relevant to the outcome at a given effective stress. Therefore, the 
current case for zero effective stress (i.e., a constant stress boundary) the procedure applies equally 
to methane or hydrogen permeability estimation. The workflow programed in Matlab 2016b and 
given in Appendix A. 
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Figure 6-3: Workflow diagram linking the steps used to estimate the permeability (k) of the coal 
sample at various effective stress (σeff) condition using MIP and stress-strain (σ-ε) measurements. 
This workflow used to calculate the permeability (k) of the coal sample using non-sorbing gas, such 
as helium. The workflow programed in Matlab 2016b and given in Appendix A. 
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6.2.1 Minimum cleat width (bmin) calculation using mean free path (λ) of the 
permeability fuild and Knudsen number (Kn) for the Darcy flow regime 
The minimum cleat width (bmin), step 1 in Figure 6-3, is an important parameter that acts as the lower 
limit of interest from the MIP measurement and the smallest cleat size to calculate pore volume 
(𝑉 )𝑃      
𝑚𝑖𝑛 . The MIP measurement typically measures porosity down to nanometre sizes, but the very 
small pores and cracks do not contribute towards Darcy flow. Therefore, to eliminate these small 
sizes, bmin calculated using the Knudsen number (Kn) that corresponds to the Darcy flow regime. 
The bmin is calculated using mean free path of gas (λ) for respective permeability fluid, and Knudsen 
number (Kn) for Darcy flow, Equation 6.2. The mean free path of different gases (at 25
oC and 1atm 
g) is presented in Table 6-1. The limiting Knudsen number for Darcy flow is taken Kn=0.01 ((Darabi, 
et al. 2012, Ziarani and Aguilera 2012)). Its important to note that if gas slippage is present then 
appropriate  Knudsen number should be selected from the literature ((Darabi, et al. 2012, Ziarani and 
Aguilera 2012)). As it is shown in Chapter 5 that no substantial gas slippage associated with the 
permeability (k) of coal sample UQ-B1 therefore Kn=0.01 is taken.  
The minimum cleat width (bmin) from Equation 6-2  for helium gas is 13.5 μm at ambient conditions. 
Since the mean free path of the gases reduces at higher gas pressure, the size of bmin also changes, for  
example, at 0.5 MPa of pore pressure, the mean free path of helium is ~0.04 μm, and hence the bmin 
becomes 4 μm. For the simplicity and for the purposes of illustration here, the value of bmin is held 
constant at ~8.75 μm (=
13.5 4
2

 ). 
min
nK
b

  Equation 6-2 
Once bmin for helium gas is known the next step is to calculate the effective incremental volume (Vb) 
using the scaled pore volume (VP). 
6.2.2 Effective incremental volume (Vb) using the MIP measurement 
Effective incremental volume (Vb), (step 2 in Figure 6-3), represents the volume corresponding to a 
particular cleat width, where the cleat width depends on the intrusion pressure. The actual MIP 
measurements takes place on a sister sample of the block used for the permeability test and is given 
as incremental pore volume (vHg) in units of (e.g.) cm
3/g. 
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Table 6-1: Mean free path (λ) and minimum cleat width (bmin) of commonly used permeability gases. 
The bmin calculated using Equation 6-2 and the magnitude of the mean free path of gases taken from 
the PoreXpert software. 
Gases Mean free path (μm) at 25oC  
and 1 atm  
bmin (μm) 
Helium 0.135 13.5 
Methane 0.0661 6.61 
CO2 0.0693 6.93 
N2 0.0693 6.93 
 
This is then directly scaled for the 40 mm cubic coal sample to provide VP (Equation 6-3) and sorted 
against each cleat widths from bmin to bmax ,as shown in Table 6-2. For UQ-B1 bulk density (ρsample=1.4 
g/cm3) and bulk volume (Vsample=64 cm
3) are known. 
P Hg sample sampleV v V     Equation 6-3 
 
Table 6-2: Conversion of mercury incremental volume (vHg) into pore volume (VP) for the 40 mm 
cubic coal sample. The rows corresponding to bmin and bmax represents the minimum and maximum 
cleat width considered for the permeability (k) estimation for the coal sample UQ-B1 that are 
calculated in session 6.2.1.The MIP incremental volume is taken from Chapter 3 (section 3.1.1). 
Cleat width 
(b) 
(μm) 
MIP incremental volume  
(vHg) 
(10-3 cm3/g) 
Bulk density 
(ρsample) 
(g/cm3) 
Volume of sample 
(Vsample) 
(cm3) 
Pore volume 
(VP) 
(10-3 cm3) 
90.61 (bmax) 1.390 1.4 64 124 
45.41 0.667 1.4 64 59.8 
30.32 0.338 1.4 64 30.3 
22.70 0.169 1.4 64 15.2 
16.51 0.231 1.4 64 20.7 
15.13 0.053 1.4 64 47.9 
12.11 0.160 1.4 64 14.4 
10.68 0.098 1.4 64 8.78 
8.65 (bmin) 0.214 1.4 64 19.1 
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The notional cleats provided above need to be distributed into those that align in the face cleat 
direction and those that align in the butt cleat direction. In order to distribute the VP, it is assumed that 
the direction having more cleat volume will compress/strain higher as compare to other directions 
despite of the cleat size, as every cleat width (b) possess the same strength at a given stress magnitude 
in a particular direction, as shown in Chapter 4. For example, in Chapter 4 (Figure 4-6 (d)) the cleat 
compressibility in face cleat and butt cleat directions are Cf1= 0.0344 MPa
-1 and Cf2= 0.02541 MPa
-
1, respectively, at stress (σ)=4.0 MPa. These cleat compressibility magnitude is same for every cleat 
width (e.g., b=90, 45, 32, 22 μm and so on) at stress (σ)=4.0 MPa in the respective face and butt 
directions.  
This assumption allows to use the strain on the sample to distribute the VP (i.e., the direction that 
strain high possess highest cleat volume compare to other directions). In Chapter 4 (section 4.1 and 
Figure 4-1), the maximum strain for coal sample UQ-B1 during hydrodynamic loading/unloading 
experiments is measured ε1=2970 (με, microstrain units e.g., micrometers per meter), and ε2=1280 με 
in the face cleat and butt cleat direction at stress (σ) =4.0 MPa, respectively.  The strain at maximum 
stress (σ) =4.0 MPa is taken as the dynamic stress-strain measurement are conducted in Chapter 4 
which may not provide the equilibrium strain at lower stress magnitude (σ <4.0 MPa), but at stress 
(σ)=4.0 MPa the slope of curve is more linear compared to lower stress magnitude and hence assumed 
as equilibrium stress-strain reference to distribute VP.  
 For the simplicity of the calculation, the strains are rounded off to ε1≈3000 με and ε2≈1000 με, which 
gives the contribution of 𝑉𝑏
𝑓𝑎𝑐𝑒
=75% (
 
1
1 2
%

 
) and 𝑉𝑏
𝑏𝑢𝑡𝑡=25% (
 
1
1 2
%

 
) in the face cleat and butt 
cleat directions, respectively. Consequently, the pore volume (VP) is divided 75% and 25% in the face 
and butt cleat direction, respectively, as plotted in Figure 6-4. This then provides the 
directional/anisotropic permeability of the coal in the face and butt cleat directions. 
6.2.3 Cleat width contribution (Cb) to form thorough cleats 
The cleat width contribution (Cb) transform the cleats pore volume (Vb
face 𝑎𝑛𝑑 Vb
butt) in to a fraction 
that represent the number of thorough cleat from by cleat widths (b), and and given as step 3 in Figure 
6-3. The result shows that cleat width contribution (Cb)  in face cleat and butt cleat directions remain 
0.15≤𝐶𝑏
𝑓𝑎𝑐𝑒
≤1.04 and 0.05≤𝐶𝑏
𝑏𝑢𝑡𝑡≤≤0.35, respectively, for the cleat width (b) 8.65μm≤b≤90.61μm, 
as shown in Figure 6-5. 
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Figure 6-4:  Effective incremental volume (Vb) in the face cleat (𝑉𝑏
𝑓𝑎𝑐𝑒
=75%) and butt cleat 
(𝑉𝑏
𝑏𝑢𝑡𝑡=25%) directions for the coal sample UQ-B1. The magnitude of pore volume (VP) is taken from 
Table 6-2 corresponding to each cleat width (b) to calculate Vb. 
 
The cleat width contribution (Cb) calculated by taking the ratio of effective incremental volume (Vb) 
corresponding to the cleat width (b) to the volume required (Vreq) to make a through cleat in a 40 mm 
cubic coal sample, as shown in Equation 6-4. 
b
b
req
V
C
V
  Equation 6-4 
 
Vreq is the volume required for a cleat width (b) to form a though cleat in a L=40 mm cubic coal 
sample (Vreq=L×L×b) as shown in Figure 6-6. As a cubic coal sample is used in this analysis which 
makes both the length and width of the sample same, therefore, there is L×L term present to calculate 
Vreq.  
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Figure 6-5: Cleat width Contribution (Cb) showing the fractional contribution of each cleat width (b) 
to make a through cleat in the face cleat (𝐶𝑏
𝑓𝑎𝑐𝑒
) and butt cleat (𝐶𝑏
𝑏𝑢𝑡𝑡) directions. The cleat width 
contribution is calculated using Equation 6-4 using effective incremental volume (Vb) and the cleat 
volume required (Vreq) to make a thorough cleat in a 40 mm cubic coal sample. The Cleat width 
Contribution (Cb), greater than one (Cb>1), represents that the cleat width (b) can form more than 
one thorough cleat. 
The cleat width contribution scales the pore volume of each cleat according to their potential to form 
a thorough cleat. The scaling makes the pore volume contribution easier to visualize and analyze 
during modeling. For example in Figure 6-5, for b=90.60μm in the face cleat direction, the 
corresponding cleat contribution (𝐶𝑏
𝑓𝑎𝑐𝑒
) =0.64 shows that this cleat width can make only 64% of the 
volume that required to form a thorough cleat using the same cleat width. Therefore, to form a 
thorough cleat the remaining 36% much is cover by pore volume of other cleat widths. Similarly, for 
Cb>1, for example for b=8.65μm in the face cleat direction, the 𝐶𝑏
𝑓𝑎𝑐𝑒
=1.04 shows that this cleat width 
have a pore volume to form 100% of a thorough cleat and remaining 4% can be used to contribute to 
from 4% of another thorough cleat. 
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Figure 6-6: Volume required (Vreq) to make a thorough cleat in a 40 mm cubic coal sample by using 
the formula Vreq=L×L×b, where, L=40mm is the length/width of cubic coal sample. 
 
6.2.4 Average cleat spacing (s) 
The average cleat spacing (s) is calculated using Equation 6-5 and found to be sface=8 mm and sbutt=20 
mm in face cleat and butt cleat directions, respectively. The hierarchy of average cleat spacing is 
given as step 5 in Figure 6-3. 
1
L
s
n


 Equation 6-5 
where s is the average cleat spacing, L=40mm is the sample width, and n is the number of thorough 
the face or butt cleats. 
The number of thorough cleats in the face cleat (nface) and butt cleat (nbutt) directions are calculated 
by rounding down the cumulative cleat width contribution (Cb) in the respective directions as shown 
in Table 6-3. As there is only one butt cleat, therefore to emphasize the complexity of the permeability 
(k), only the face cleats are considered for the explanation, the butt cleats results will be shown in the 
final calculations. 
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Table 6-3: Average cleat spacing (s) in the face cleat (sface) and butt cleat (sbutt) directions calculated 
using Equation 6-5 by rounding down the cumulative cleat width contribution. The rounding down 
of cumulative cleat width(∑ 𝐶𝑏) gives the number of thorough cleats in the face cleat (nface) and butt 
cleat (nbutt) directions. 
Effective 
incremental volume 
(Vb) 
(%) 
Cumulative cleat 
width contribution 
∑ 𝑪𝒃 
Number of thorough cleats 
(n) 
n=roundDown(Cb) 
Coal matrix 
spacing (s) 
(mm) 
𝒔 =
𝑳(𝟒𝟎𝒎𝒎)
𝒏 + 𝟏
 
75% 𝐶𝑏
𝑓𝑎𝑐𝑒
=4.75 nface=4 sface=8 
25% 𝐶𝑏
𝑏𝑢𝑡𝑡
2=1.58 nbutt=1 sbutt=20 
6.2.5 Cleat distribution model (CDM) 
The cleat distribution model (CDM) randomly distribute the cleat width contribution (𝐶𝑏
𝑓𝑎𝑐𝑒 , 𝐶𝑏
𝑏𝑢𝑡𝑡) 
in fixed number of cleats (nface, nbutt), providing an equal chance for each cleat width (b) and their 
cleat width contribution to form the cleats. The CDM is given as step 4 in the workflow as shown in 
Figure 6-3. 
The CDM is programmed to distribute the cleat width contribution (Cb) by: 1) randomly relisting the 
cleat width (b) order for each cleat; 2) start selecting a random fraction of cleat width contribution 
(Cb) from the list against first cleat width; 3) adding the cleat width contribution till it reaches to unity; 
and 4) repeat the process again for next cleat. 
The above CDM steps are practically shown in Table 6-4 for the face cleats. The first column of each 
cleat showing the random listing or cleat width (b) order which are typically provided by MIP 
measurement in descending order (i.e. 90.61 μm, 45.41 μm, 30.32 μm, 22.70 μm … 8.65 μm). The 
CDM then randomly selected a fraction= 0.7903 (between 0-1) and multiply with the first cleat width 
contribution of cleat 1 (𝐶8.65
𝑓𝑎𝑐𝑒
=1.04, see Figure 6-5) to get the 0.8220. As the 0.8220 is less then one 
(which shows an incomplete cleat) the CDM select a random fraction of next cleat width’s 
contribution till ∑Cb=1, and then move to form the next cleats with remaining cleat width contribution 
from the previous cleats.  The schematic representation of the CDM calcuation   are shown in Figure 
6-7. 
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Table 6-4: The result of the cleat distribution model (CDM) in the face cleat direction showing the 
random sorting of cleat widths (b) and the fractional cleat width contribution (Cb). The cleat widths 
(b) are randomly ordered by using ‘randsample’ function in the Matlab R2016b. The schematic 
representation of these cleats are given in Figure 6-7. It should be noted that the cleat width (b) are 
distributed randomly for each cleat. 
Cleat 1 Cleat 2 Cleat 3 Cleat 4 
b 
(μm) 
Cb b 
(μm) 
Cb b 
(μm) 
Cb b 
(μm) 
Cb 
8.65 0.8220 16.51 0.3470 10.68 0.274 90.61 0.279 
16.51 0.1505 15.13 0.0716 16.51 0.0816 10.68 0.0281 
30.32 0.0275 45.41 0.0200 90.61 0.0437 15.13 0.0769 
15.13 0 90.61 0.3190 30.32 0.04186 30.32 0.396 
12.11 0 8.65 0.0808 45.41 0.558 12.11 0.220 
10.68 0 22.70 0.0790 22.70 0 45.41 0 
22.70 0 10.68 0.0826 8.65 0 16.51 0 
45.41 0 12.11 0 12.11 0 22.70 0 
90.61 0 30.32 0 15.13 0 8.65 0 
 ∑Cb=1  ∑Cb=1  ∑Cb=1  ∑Cb=1 
 
Figure 6-7: Schematic of four face cleat in the coal sample UQ-B1 according to the cleat width 
contribution given in Table 6-4. This schematic represents single scenario among the ten thousand 
different scenarios generated by CDM. The thickness of the cleats is showing the cleat width (b), and 
the length is showing according to cleat width contribution. The permeability of each cleat width is 
given in Table 6-5, and the average permeability of each cleat is given in Table 6-6.  
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6.2.6 Cleat permeability using parallel flow model 
The permeability (k) of individual cleat widths (b) is calculated using the parallel flow model (PFM) 
as given by Equation 6-6 and shown schematically earlier in Figure 6-2. The PFM shows that the 
permeability (k) is directly proportional to the cube of the cleat widths (b). Calculation of the cleat 
permeability using parallel flow model is step 6 in the workflow given by Figure 6-3. The results of 
the permeability (k) of individual cleat widths (b) are presented in Table 6-5 showing the biggest cleat 
width (bmax)= 90.61 μm have the permeability (k)= 7850.84 mD, while the smallest cleat width 
(bmin)=8.65 μm have the permeability (k)=6.82 mD. 
3
12
b
k
s
  Equation 6-6 
Table 6-5: Permeability (k) of individual cleat width (b) calculated using the parallel flow 
permeability model, as given in Equation 6-6. The average cleat spacing (sface) is taken 8mm from 
Table 6-3 corresponding to the face cleat direction. The permeability is originally calculated in ‘mm2’ 
units that further converted into ‘mD’ by multiplying with the conversion factor of 1mm2=9.869×10-
10
 mD. 
Cleat width, b 
(μm) 
Permeability  
(mD) 
90.61 7850.84 
45.41 988.19 
30.32 294.24 
22.70 123.54 
16.51 47.52 
15.13 36.55 
12.11 18.72 
10.68 12.85 
8.65 6.82 
 
6.2.6.1 Harmonic permeability average for composite cleats 
The harmonic permeability (k) calculation is necessary for the cleats formed by multiple cleat widths 
(b). All the face cleats listed in Table 6-4 are composed of more than one cleats width and therefore 
harmonic averaging is necessary to calculate the permeability (k) of individual cleats. The average of 
harmonic permeability (k) of the four face cleats are calculated to be 8.08 mD, 35.43 mD, 42.05mD 
and 57.38mD using the following Equation 6-7 and are given in Table 6-6.  
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max
min
1
harmonic b
b
b
k
C
k


 
Equation 6-7 
where Cb is the cleat width contribution as given in  , and k is the cleat width permeability (k) as given 
in Table 6-5. 
To show the explicit use of Equation 6-7 the harmonic permeability (k) of ‘Cleat 1’ of the face cleat 
is calculated by taking the data from Table 6-4 and Table 6-5, 
8.65 16.15 30.32
8.85 16.15 30.32
1 1
8.08
0.822 0.15 0.0275
6.82 47.52 294.24
harmonic
b b b
k mD
C C C
k k k
  
  
 
Table 6-6: Permeability (k) of the individual cleats in the face cleat direction calculated by using 
harmonic average through the Equation 6-7. 
 Cleat 1 Cleat 2 Cleat 3 Cleat 4 
Permeability (k) (mD) 8.08 35.43 42.05 57.38 
6.2.7 Step 8: Weighted average permeability of the coal sample UQ-B1 
The weighted average permeability of the coal sample UQ-B1 in face cleat direction (k0face) is 
calculated to be k0face=28.58 mD using the following Equation 6-8, 
0
1
n
i
i
s k
k
L




 
Equation 6-8 
where s is the average cleat spacing, which is sface=8mm for the face cleats from Table 6-3. k is the 
permeability of the individual four face cleats from Table 6-6, n is the number of face cleat from 
Table 6-3 (nface=4), and L=40mm is the width of the sample. The weighted average permeability of 
the face cleat direction is calculated below, 
 
0
8 8.08 35.43 42.05 57.38
28.58 
40
facek md
   
   
6.2.8 The statistical distribution of the permeability of coal sample UQ-B1  
The cleat distribution model (CDM) is repeated for ten thousand different renditions to generate the 
probability distribution function (PDF), shown in Figure 6-8. The mode of permeability is seen to be 
k0face=13.93 mD and k0butt=2.60 mD in the face cleat and the butt cleat directions, respectively.  These 
permeabilities (k) are calculated by repeating step 4 to step 5 by 10,000 times, providing the relatively 
smooth right skewed bell type pdf curve as given in Figure 6-8. The statistics of the permeability (k) 
distribution are given in Table 6-7. As examples, there are 8819 out of 10,000 cases for which the 
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permeability is between 7 and 40 mD in the face cleat direction, and 6962 out of 10,000 cases for 
which the permeability is between 2 and 4 mD in the butt cleat direction. 
In the next section 6.3 the application of this method is given by using constant stress and constant 
volume boundary condition.  
 
(a) 
 
(b) 
Figure 6-8: Probability density function (pdf) for permeability (k) of coal sample UQ-B1 in the (a) face cleat 
direction and (b) butt cleat direction. The graphs represent the permeability (k0face) at zero effective stress 
(σeff=0) condition. (a) The graph plots the permeability of 8,819 out of 10,000 scenarios that represent the 
permeability less than or equal to 40 md. The most probable permeability is k0face=13.93 mD. (b) The graph 
plots the permeability of 6,962 out of 10,000 scenarios that represent the permeability less than or equal 
to 4 mD. The most probable permeability is k0butt=2.60 mD. The further statistical details are provided in 
Table 6-7. 
Table 6-7: The statistical results of the permeability (k) simulation based on 10,000 different 
scenarios created using cleat distribution model (CDM). These results represent the permeability of 
face cleat (k0face) and butt cleat (k0butt) directions at zero effective stress condition (σeff=0). 
 Face cleat 
direction 
Butt cleat 
direction 
Total number of scenarios 10,000 10,000 
Mean permeability (mD) using PDS k01=13.93 k02=2.60 
Average permeability (mD) of 10, 000 scenarios
10,000
1
10,000
i
i
k

 
 
 
 
 
 

 
28.90 3.59 
Minimum permeability (mD) 6.91 2.22 
Maximum permeability (mD) 475.90 18.01 
Standard deviation (mD) 37.93 2.97 
Scenarios for which permeability ≤40 mD and ≤4 mD for face 
and butt cleat direction, respectively. 
8819 6962 
122 
 
6.3 Application of Cleat Distribution Model (CDM) 
In this section, the application of RCM method is expanded by estimating the stress-dependent 
permeability using: 1) constant stress (free swelling) and then; 2) constant volume boundary 
conditions. 
6.3.1 Permeability estimation using constant stress (free swelling) boundary condition  
The permeability using constant stress boundary condition is estimated by the stress-dependent cleat 
width and compared the results with the experimentally measured permeability from Chapter 5 for 
the same boundary condition. The stress-dependent cleat widths (b) are tabulated in Table 6-9 and 
they are calculated under four illustrative conditions (stresses (σ)=1, 2, 3, 4 MPa) using the cleat 
compressibilities (Cf) from Chapter 4 in face cleat and butt cleat directions: face cleats (Cf1)=0.0864, 
0.0552, 0.04179, 0.03431MPa-1; and butt cleat (Cf2)= 0.0480, 0.0339, 0.0284, 0.0254 MPa
-1
 for the 
stresses (σ)=1, 2, 3, 4 MPa respectively.  
The stress-dependent permeability is calculated for the cleat distribution model (CDM) to estimate 
the weighted average (i.e., bulk sample) permeability at the nominated stresses (σ)=1, 2, 3, 4 MPa, 
applying the same method described above using step 4 to step 7. The resulting probability density 
function (pdf) is shown in Figure 6-9. The most probable (or mode) permeability estimated in the face 
cleat direction kface=1.50-4.39 mD and the butt cleat direction kbutt= 1.53-2.60 mD for the stress range 
σ=1.0 - 4.0MPa, as given in Table 6-8. 
Table 6-8: Summary of the permeability (k) modeling of coal sample UQ-B1 in the face cleat (kface) 
and butt cleat (kbutt) directions at various stress (σ) magnitudes. 
Stress 
(MPa) 
Face cleat permeability, kface 
(mD) 
Butt cleat permeability, kbutt 
(mD) 
0.0 k0face=13.93 k0butt=2.60 
1.0 4.39 1.96 
2.0 2.98 1.70 
3.0 2.14 1.53 
4.0 1.50 1.41 
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Table 6-9: Cleat width (b, μm) in the face cleat (bface) and butt cleat (bbutt) directions at different 
stress (σ) magnitudes. The data for σ = 0MPa is presented only for comparison purposes; 
permeability values (k) are presented in Table 6-8 and Figure 6-9. 
σ= 0MPa σ= 1MPa σ= 2MPa σ= 3MPa σ= 4MPa 
bface  
(μm) 
bbutt 
(μm) 
bface  
(μm) 
bbutt 
(μm) 
bface  
(μm) 
bbutt 
(μm) 
bface  
(μm) 
bbutt 
(μm) 
bface  
(μm) 
bbutt 
(μm) 
90.61 90.61 64.05 81.34 57.34 77.02 52.34 74.02 48.33 71.83 
45.41 45.41 32.10 40.76 28.74 38.60 26.23 37.09 24.22 36.00 
30.32 30.32 21.44 27.22 19.19 25.77 17.51 24.77 16.17 24.04 
22.70 22.70 16.05 20.38 14.37 19.30 13.11 18.55 12.11 18.00 
16.51 16.51 11.67 14.82 10.45 14.04 9.54 13.49 8.81 13.09 
15.13 15.13 10.70 13.58 9.58 12.86 8.74 12.36 8.07 11.99 
12.11 12.11 8.56 10.87 7.66 10.29 6.99 9.89 6.46 9.60 
10.68 10.68 7.55 9.59 6.76 9.08 6.17 8.72 5.70 8.47 
8.65 8.65 6.11 7.76 5.47 7.35 4.99 7.06 4.61 6.85 
 
  
Figure 6-9: Probability density function (pdf) for the permeability (k) of the coal sample UQ-B1 at various 
effective conditions. (a) The permeability (kface) in the face cleat direction with highest probability is given 
in Table 6-8. (b) The permeability (kbutt) in the butt cleat direction with highest probability is given in Table 
6-8. 
Using the most probable permeability, the experimental and modelled permeabilities (k) in the face 
cleat (kface) and butt cleat (kbutt) directions are compared in in Figure 6-10. There is some difference 
at lower effective stresses, although even this is quite small (e.g., at ~0.5 MPa, the differences are 
only  ~2.1mD for kface and ~1.7mD for kbutt . The differences between model and measured values is  
substantially reduced as the effective stress increases, as shown in Figure 6-10.  
It is worth noting again that only mercury intrusion porosimetry (MIP) data and stress-strain (σ-ε) 
measurement have been used and they are providing a reasonable estimation of absolution 
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permeability magnitude.  Other models, e.g., Shi and Durucan (2014) and Palmer and Mansoori 
(1998) only provide a relative change in permeability (k/k0) and it is necessary to separately obtain a 
reference actual permeability (k0), e.g, from a laboratory core flood test or by well testing. 
6.3.2 Permeability estimation using constant volume boundary condition  
The permeability of the coal sample UQ-B1 for constant volume boundary condition is estimated by 
cleat width corresponding to the effective stress on the sample. In Chapter 5 that change in the 
permeability was shown to depend on the increase in pore pressure that induced the swelling strain. 
In order to counter the swelling strain, the effective stress on the sample increased by the reactive 
countering boundary forces. Therefore, if the stress on the sample is known then the permeability 
may be obtained by estimating the change in the cleat width.  
The stress on the coal sample from Chapter 5 (Figure 5.12) is used to calculate the cleat width (b) 
using the cleat compressibility from Chapter 4. Then the CDM used to estimate the most probable 
permeability using these cleat width. The results in Figure 6-11 compare the measured and calculated 
permeabilities using constant volume boundary condition. The maximum difference in permeability 
estimated by the CDM compared to the measured methane permeability of the coal sample UQ-B1, 
as shown in Figure 6-11 is  ~0.5 mD (model is higher). 
 
Figure 6-10: Comparison between the experimental and modeled permeability of coal sample UQ-
B1 at different stress magnitude using helium gas. The experimental permeability (k) results are taken 
from Chapter 5 for the helium permeability (k) in the face (kface) and butt cleat (kbutt) directions at 
various effective stress (σeff) conditions. The modeled results are taken from Table 6-8 (fitted to a 
polynomial for easy comparison with the experimental permeability (k)). 
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6.4 Permeability estimation of a German coal sample using MIP and 
stress-strain measurements 
To check the reliability of the cleat distribution model (CDM) a sample from Girondelle coal (sourced 
from a German mine) is used to analyze to compare the permeability (k) measured using helium gas. 
The MIP, stress-strain (σ-ε) and permeability (k) measurements permeability were independently 
measured at UQ. The MIP measurements were performed on the offcut of the coal prepared for 
permeability experiments. The sample mass was 5.49g and with bulk density of 1.2651g/cm3. The 
results of incremental pore volume (cm3) and cumulative pore volume (cm3) are given in Figure 6-12. 
The results show the total mercury intrusion volume of 0.0718 cm3/g, which leads to the porosity of 
9.0547% corresponding to the mercury intrusion pressure of 413.6 MPa (60,000 psi).  
 
Figure 6-11: Comparison between experimentally measured methane permeability using constant 
volume boundary condition and estimated permeability using CDM for the coal sample UQ-B1. 
The pore volume is divided directionally according to the strain ratio. The stress-strain (σ-ε) 
measurement in Figure 6-13 (a) shows that at maximum stress (σ)=15.0 MPa the strain (ε) is between 
1600-1750 με for both the face and butt cleat direction and for simplicity of analysis the strain in both 
directions is taken to be equal, and the pore volume is divided equally in each direction.  The Knudsen 
number (Kn) =0.0193 is taken for the Darcy flow which gives the minimum cleat width (bmin)=6.9828 
μm. The Knudsen number is almost double compared taken for coal sample UQ-B1 because the 
helium pore pressue is also twice higher in the experiments.   
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The results of permeability (k) modeling using cleat distribution model (CDM) presented in Figure 
6-13(b) shows the permeability kface=6.43-0.47mD in the face cleat direction and  kbutt=6.43-0.60mD 
in the butt cleat direction for the effective stress (σeff)=0-15.0 MPa. 
 
(a) 
 
(b) 
Figure 6-12: Mercury intrusion porosimetry (MIP) data for the German coal sample. (a) The 
incremental pore volume (cm3) and cumulative pore volume (cm3) plotted against the mercury 
intrusion pressure (MPa) (b) The incremental pore volume (cm3) and cumulative pore volume (cm3) 
plotted against the cleat width (b, μm). The Washburn equation calculates the cleat width by using 
the mercury intrusion pressure.  
 
(a) 
 
(b) 
Figure 6-13: (a) Stress-strain (σ-ε) measurement for the German coal sample in the face cleat (ε1), butt 
cleat (ε2) and bedding plane (ε3) directions. (b) Comparison of the German coal’s experimental permeability 
(k) using helium gas with the calculated permeability using the cleat distribution model (CDM). The model 
results are calculated by selecting the pore volume (VP) based on Knudsen number (Kn)≤0.0193 and dividing 
the pore volume (VP) equally in the face and butt cleat direction based on the stress-strain measurement 
(σ-ε). 
On other hand, a short falling of this method can be seen from Figure 6-13(b) that permeability (k) 
at effective stress (σeff)=0 MPa is same for the face cleat and butt cleat directions 
(k0face=k0butt=6.43mD) which is due to the division of pore volume equally (50%) in both, 
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directions. As the strain at effective stress (σeff)=0 MPa is also zero which leaves taking equal pore 
volume division in both direction making the no permeability anisotropy at (σeff)=0.   
By comparing the trend of strain in Figure 6-13(a) and modeled permeability (k) results in Figure 
6-13(b) it is evident the permeability (k) follows the same trend as the stress-strain (σ-ε) 
measurements. This stress-strain-permeability trend emphasis the used correct elasticities (specific 
to the sample or seam) in the permeability model. 
The modelling results compared with the helium permeability (k) measured for the German coal 
sample presented in Figure 6-13(b) showed that face cleat modelled permeability (k) almost overlap 
the measured permeability (k) at higher stress, while the butt cleat modelled permeability (k) stayed 
lower than experimental measurement at all stress magnitude.  
Finally, the comparison of the experimental and modelled permeability results shown in Figure 6-10, 
Figure 6-11 and Figure 6-13(b) demonstrated that cleat distribution model (RCM) shows merit to 
predict the experimentally measured permeability (k) by only using the MIP and stress-strain (σ-ε) 
measurements. 
6.5 Summary 
This chapter describes the development and application of the newly developed in-house cleat 
distribution model (CDM) to predict the stochastic permeability of the coal sample using MIP and 
stress-strain measurements. The MIP data, stress-strain (σ-ε) and helium permeability (k) 
measurements of the coal sample UQ-B1 taken from Chapter 3, 4 and 5 for modeling and comparison 
purposes. To explain the CDM, a workflow is established showing the necessary eight steps to 
calculate the permeability using stochastic method. The work flow explains the directional 
distribution of pore volume, using distributed pore volume to form physical cleats through CDM, 
cleat deformation at various stress magnitude, application of parallel flow model to calculate 
permeability, and finally the statistical method to estimation of most probable permeability by 
repeating ten thousand renditions. The demonstration of CDM is accomplished showing the step by 
step permeability estimation for coal sample UQ-B1 at zero effective stress condition. The stochastic 
modelling results shows the most probable permeability of k0face=13.93mD (std.dev.=37.93mD) and 
k0butt=2.60mD (std.dev.=2.97mD) estimated in the face cleat (k0face) and butt cleat (k0butt) directions at 
zero effective stress (σeff=0). The most probable permeability is estimated by using the probability 
density function (pdf) generated by creating 10,000 random scenarios. The application of this model 
is performed by estimating the permeability using constant stress (free swelling) and constant volume 
boundary condition. For constant stress boundary condition comparison of experimental and model 
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permeability shows the maximum difference of ~2.1mD and ~1.7mD in the face cleat and butt cleat 
directions, respectively, at effective stress ~0.5MPa, but the difference in the permeability 
substantially reduced as the effective stress increases. For constant volume boundary condition, the 
maximum deviation of ~0.5mD is calculated between measured and calculated permeability. The 
predictability of CDM is checked further by estimating the permeability (k) of the German coal 
sample, which is found within +1.50mD.  
So far, this model proves to predict the stress-dependent permeability (k) by avoiding the tedious and 
lengthy core flooding experiments and by only using easy measurements (MIP and stress-strain 
measurements). Unlike Shi and Durucan (2014) and Palmer and Mansoori (1998) permeability 
models, the CDM modeling technique calculates the actual the absolute permeability magnitude (k) 
of the sample, not just the permeability ratio (k/k0). 
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Chapter 7 Conclusions and Recommendations 
7.1 Conclusions 
The primary aim of this thesis was to examine the relationship between effective stress and 
anisotropic permeability in coals under two different sets of reservoir boundary conditions – constant 
volume and constant stress. The existing literature on coal permeability shows a limited experimental 
data to verify the anisotropic nature of stress-strain-permeability relationships in coal measured under 
controlled conditions in the laboratory that can simulate the cases of constant stress (free-swelling) 
and constant volume reservoir conditions that are applied in commonly used mathematical models of 
coal permeability. To address this limitation, a triaxial stress permeameter (TSP) was designed, 
constructed and commissioned to measure directional permeability and three orthotropic strains on 
the faces of a cubic coal sample with independent stresses of up to 14 MPa can applied in the axial 
and lateral directions.  
In Chapters 4, 5 and 6 the use of TSP is  demonstrated to (1) determine the modulus of elasticity and 
cleat compressibility of a coal; (2) experimentally compare the effects of applying a constant stress 
and a constant volume boundary condition on the observed relationship between coal permeability, 
matrix shrinkage, strain, pore pressure and effective stress; and (3) develop a new cleat distribution 
model (CDM) to predict the stress-dependency of a coal’s permeability from pore size distribution 
data and the mechanical properties of the coal. The significance of this new CDM method to the field 
of coal and petroleum engineering, is that the CDM allows permeability to be predicted using mercury 
intrusion porosimetry (MIP) data and stress-strain measurements, without the need to complete a 
large number of core-flooding measurements across a large stress and pore pressure parameter space. 
The proposed experimental and modelling approaches were demonstrated with a coal sample UQ-B1 
obtained from the Surat Basin. Below more details is provided on the contributions of the thesis 
towards each of the four research objectives that were outlined in Chapter 1.  
The first objective focus to develop a methodology to measure the anisotropic permeability and stress-
strain on the coal sample at various effective stress conditions by simulating the different reservoir 
boundary conditions, such as constant stress (free swelling) and constant volume boundaries. In 
Chapter 3 a triaxial stress permeameter (TSP) that was managed to designed, constructed, and 
commissioned. This apparatus can measure the anisotropic permeability of a 40 mm cubic coal 
sample. The TSP can be operated to mimic both constant stress (free swelling) and constant volume 
reservoir boundary conditions that are commonly applied in mathematical models used to predict 
change of coal permeability with reservoir depletion (see Table 5.1). The use of cubic coal samples 
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in the TSP, instead of the cylindrical core plugs used in standard laboratory core analyses, allows the 
permeability of a coal to be measured in all three directions (i.e. perpendicular to the face cleat, butt 
cleat, and bedding plane directions) with a single coal piece by rotation of the cube. This direct 
measurement approach avoids the need to resolve the stress-strain vectors from an experiment on a 
cylindrical core plug to Cartesian coordinates.  
 
The second objective emphasis to investigate the anisotropic stress-strain behaviour of the coal 
sample to determine the directional geomechanical properties of the bulk coal sample and 
development of a method to estimate the cleat compressibility. Chapter 4 presented experimental 
data, and the required data analysis, used to determine the anisotropic strain of coal cube UQ-B1 from 
measurements made in the TSP with isotropic stresses applied. For effective stresses in the range 
σeff = 0.5 - 4.0 MPa, the anisotropic strains determined from this approach were ε1=1511 - 2970 με in 
the face cleat direction, ε2 = 383 – 1280 με in the butt cleat direction, and ε3 = 207 – 1115 με across 
the bedding plane direction. These results show that even though the stress was applied isotopically, 
the strain response of coal sample UQ-B1 was anisotropic. The stress-strain experimental data also 
verifies that the modulus of elasticity (E) for this coal is anisotropic and stress-dependent. 
Specifically, the first order derivative of the measured stress-strain curves E


 
 
 
 showed that 
E1=0.12 - 4.35 GPa in the face cleat direction, E2=0.26 - 4.90GPa in the butt cleat direction, and 
E3=0.29-7.06 in the bedding-plane directions for effective stress in the range σeff = 0.5 - 4.0 MPa. This 
experimental result challenges the traditional assumption that the bulk elastic modulus of coal is 
isotropic and stress-independent. It is common observation in the literature to use isotropic stress 
independent modulus of elasticity, such as; Palmer and Mansoori (1998)  used E= 0.85 GPa and  3.0 
GPa (1.24E5 psi and 4.45 psi), Liu and Rutqvist (2010) used E= 1.37 GPa (200,000 psi), Ma, et al. 
(2011) used E= 2.0 GPa and 2.9 GPa (300,000 psi and 421,000 psi). The significance and implication 
of using anisotropic stress dependent modulus of elasticity is quite high on prediction of permeability 
in a CSG reservoir, and evident by Fig. 1 of  Palmer and Mansoori (1998) showing the large effect of 
modulus of elastic on the permeability. The thrid contribution from Chapter 4 is a new method to 
estimate the anisotropic and stress-dependent cleat compressibility of a coal via fractal dimension 
analysis of MIP data together with the experimentally measured stress-strain curve for the coal. The 
existing approach commonly used in the literature is to estimate cleat compressibility by regression 
of permeability models to laboratory core flooding experiment data or field production histories. The 
proposed method avoids the requirement for extensive production history data or extensive laboratory 
core flooding programs, and instead this proposed method estimates cleat compressibility from the 
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physical properties of the coal. Following this method, the calculated compressibility of cleats in UQ-
B1 to be Cf1=0.1102-0.0333MPa
-1 perpendicular to the face cleats and Cf2=0.0588-0.0251MPa
-1 
perpendicular to the butt cleats at effective stresses of σeff = 0.5 - 4.0 MPa.  
 
The third Objective  focus to investigate the effect of stress on the permeability of the coal by 
simulating constant stress (free swelling) and constant volume boundary condition. The experimental 
data and conceptual framework presented in Chapter 5 suggests that permeability is driven by 
effective stress and pore pressure under constant stress and constant volume boundary condition, 
respectively. In constant stress boundary condition experiments, there is no direct effect of sorption 
induced swelling or shrinkage of the matrix on equilibrium permeability was observed because the 
constant net stress (σh) applied during a pore pressure change accommodates any sorption induced 
matrix volume change with a change in the boundary volume, and thus cleat widths remain constant. 
In constant volume boundary condition experiments it was observed that reactive external boundary 
force (or net external stress) only counteracts any sorption induced swelling or shrinking strain and 
the net pressure in the cleats. The face cleat permeability (kface) measured in constant stress 
experiments made with CH4 varied from 2.28 mD to 1.52 mD when the effective stress was increased 
from 3.7 MPa to 2.5 MPa. These CH4 permeability results were within 15% to helium permeability 
in the face cleat direction at similar effective stress (σeff) magnitudes, and these experiments 
demonstrate that swelling due to methane did not produce any significant permeability derivation 
compared to baseline permeability using helium gas as constant stress boundary condition allows 
swelling strain to propagate outward toward boundary, nulling any cleat aperture change due to 
swelling. For the constant volume experiments made with CH4 show the face cleat permeability (k1) 
decreased from 1.45mD to 0.07mD when the pore pressure was increased from 0.5 MPa to 2.0 MPa. 
Further investigation revealed that this decrease in permeability was due closure to cleat aperture due 
to swelling strain that restricted by constant volume boundary to propagate outwards. The swelling 
also resulted in the increase in the effective stress by counter the swelling strain by reactive net stress 
at the boundary.  
The objective four is to develop a method to estimate the permeability of the coal by avoiding the 
traditional measurement using triaxial parameters or history matching exercises. Chapter 6 proposes 
and demonstrates a cleat distribution model (CDM) as a novel, simple, economical, and time effective 
method to estimate the anisotropic and stress-dependent permeability of a coal from standard MIP 
and mechanical stress-strain measurements. The basis of the CDM is to distribute pore volume 
contributing to Darcy flow in cleat(s) whose aperture deformation can be calculated by using stress-
strain measurement. A parallel flow model is used to calculate individual cleat permeability using 
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harmonic average which further used to calculate the bulk permeability of the coal sample. The 
potential advantages of the CDM proposed in this thesis include (1) the method avoids the need for 
extensive programs of laboratory core flooding measurements, and (2) the CDM can be used to 
estimate the absolute permeability of a coal (e.g. in milli Darcy) instead of only the permeability ratio 
k/k0 where k0 is the permeability measured (or history matched) at some known stress condition, 
which is the more common approach in existing permeability models, such as the models of Shi and 
Durucan (2014) and Palmer and Mansoori (1998). 
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7.2 Recommendations 
Recommendation 1: The use of the Fiber Bragg Grating (FBG) array based strain gauges to 
measure the multipoint deformation of the coal sample. 
The natural heterogeneity in coal’s physical structure and chemical composition can produce an 
uneven strain in response to applied stress. This uneven strain produces a localized effect on cleat 
compressibility, and hence can directly affect the stress-dependence of permeability in the coal. 
Therefore, to integrate the effect of local permeability changes into the bulk permeability of a coal it 
necessary to measure the strain at various locations on the same face of the coal sample.  
The Showa strain gauges used in this thesis only measure the bulk deformation over the 5 mm gauge 
length on a 40 mm cubic coal sample and a limitation of the triaxial stress permeameter (TSR)  is that 
to assume the deformation of other non-measured 35 mm (40mm-5mm=35mm) length of a cube face 
is equal to the strain measured over 5 mm. It might consider installing another 7 strain gauges across 
each cube face, but this is not practical with foil type strain gauges as TSR is only engineered to 
accommodate three strain gauges (each in an orthogonal direction), and because of technical issues 
related to locating the strain gauge wiring and the number of required data logging ports (NI 9237+NI 
9171). An alternative strain measurement approach may be to use optical fibre technologies with 
Fibre Bragg Grating (FBG) based strain gauges that avoids the technical issues of using many strain 
gauges in a direction: one terminal connection per strain gauge verses one terminal connection per 
ten (or more) FBG strain gauges and; three port for three strain gauges verses three ports for thirty 
FBG strain gauges. 
The TSP designed in this thesis can accommodate FBG strain gauges with optical fibres, and the FBG 
strain gauges can be mounted on faces of a cubic coal sample using the same instrumentation conduits 
and ports in the upper packer of the TSP as shown in Figure 3-6. As part of the PhD project, initial 
experimentation was conducted to demonstrate the use of FBG array strain gauges on the coal sample 
but available FBG technology was not suitable to be used in TSP due to the exposure to high confining 
stress and limited bending radius. Also the lead time to manufacture these specialized multi FBG on 
single fibre was also challenging. Therefore, I recommend further development of the FBG 
technology to improve the spatial resolution of stain measurements across the length of a coal sample 
during stress-strain permeability measurements. That improvement could help to verify the 
predictions of the CDM model more thoroughly.  
A brief summary of the experiments with FBG strain gauges that was completed is given below. The 
experiments were performed by bonding FBG arrays consisting of ten sensors to a face coal sample 
using M Bond 200 glue. The FBG array was connected with an optical sensor interrogator from the 
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National Instruments (NI PXIe-4844) which can simultaneously measure strain on each of the 10 
sensors on the FBG array. The stress was applied on the sample by compressing it between the jaws 
of a bench top mechanical vice and stress was measured using a load cell. The preliminary results of 
strain measurement using the FBG strain gauge on the coal sample are presented in Figure 7-1 
showing uneven strain on a face of the coal sample. The higher strain on sensor 6, 3, 5 and 4 may be 
due to cleat deformation and lower strain measured by sensor 10, 1, and 9 may be due to matrix 
compression.  
 
(a) 
 
(b) 
Figure 7-1: (a) The FBG based strain gauge positioned on a 40mm cubic coal sample. The each grating 
(blue-black-blue shade) represented a strain gauge of 1mm gauge size that makes a total of one strain 
gauge per 4 mm length. This 10 FBG array is based on Corning ZBL fiber with acrylate recoating. The 
central wavelength is from 1518 to 1581 nm with 7 nm interval and manufactured by Technica Optical 
Components, LLC. (b) The different magnitude of strain on each of the 10 FBG array strain gauge is 
showing the strain heterogeneity within the coal sample.  
Recommendation 2: Unconstrained geomechanical properties of coal using triaxial stress-strain 
measurement  
It is recommended to measure the unconstrained geomechanical properties of the coal for the 
modelling purpose. The measurement of unconstrained geomechanical properties provides a direct 
approach to simulate the permeability using the most widely coal permeability models, such as the 
model proposed by Palmer and Mansoori (1998), amongst others. These models mostly require 
geomechanical properties, such as modulus of elasticity and Poisson's ratio to be estimated from 
experiments made using unconstrained or triaxial stress conditions. The geomechanical properties 
calculated in Chapter 4 were based on a hydrostatic-stress condition which can be taken as a particular 
case of the triaxial state of stress. The limitation of the hydrostatic-stress approach is that the 
experimental data collected in this way cannot be used directly to calculate the Poisson’s ratio for 
unconstrained condition, which is a primary requirement for most of the analytical permeability 
models. 
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Recommendation 3: The effect of sample size and location on permeability-stress-strain 
relationship comparatively to constant stress (free swelling), constant volume and uniaxial 
strain boundary condition. 
It is recommended to use the permeability, stress-strain and MIP measurements of many coal samples 
of different sizes, depths, and geographic locations, to validate the permeability estimation method 
build in Chapter 6. The recent research by Dawson and Esterle (2010) showed the coal rank, coal 
type/grade significantly affect the cleat spacing and cleat height which emphisis the importance to 
study a variety of samples. Currently, in Chapter 6, only two coal samples are used to validate the 
permeability method which is not especially convincing considering the variability of coal physical 
and chemical properties.  
Similarly, the permeability measurement of many coal samples using constant stress, constant 
volume, and uniaxial boundary conditions should be performed in order to strengthen boundary effect 
on permeability, as explained in Chapter 5. 
Recommendation 4: Further validation and optimisation of the cleat distribution model (CDM) 
used to predict coal permeability 
Few critical recommendations for further advancement of the CDM model include: 
1) Consideration of the pore pressure effect on the mean free path of the gas (λ) in section 6.2.1 to 
calculate the minimum cleat width (bmin). Currently, a mean value of bmin is used in Chapter 6 which 
is taken by averaging the bmin at minimum and maximum pore pressure. The kinetic theory of gas 
suggests that (such as given by Jennings (1988)) increase in pore pressure (PP) resulted in the 
decreases of gas mean free path (λ), which indicate to use a unique bmin corresponding to each pore 
pressure. This recommendation will improve the permeability estimation. 
 2) The Langmuir Isotherm can be used in Pan and Connell (2007) model to calculate swelling strain 
that can match with stress-strain measurements in section 4.2 to estimate the effective stress. But to 
use this model the corresponding parameters are required that represent the appropriate boundary 
condition. This step will reduce the extra effort to measure the effective stress by conducting constant 
volume boundary condition experiments. 
 4) The CDM model should be provisioned to include the effect of tortuosity on the permeability. The 
current model assumes cleats to be perpendicular to the sample edges, and face cleats and butt cleats 
are perfectly orthogonal to each other. The inclusion of tortuosity is relatively easy in the model as it 
will only change the magnitude of volume required to form a thorough cleat (Vreq) in section 6.2.3, 
but it may require additional stress-strain measurement deviated from face and butt cleats.   
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Appendix A 
There are four Matlab scripts that are required to run the Cleat Distribution Model. 
1) Main.m (Controls all the inputs and output) 
2) Cleat.m (Distribute the pore data randomly to form thorough cleats) 
3) Perm.m (Calculates the weighted average permeability) 
%main.m START 
%This file calculate the permeability of a 40 mm cubic coal sample using 
% MIP and stress-strain data 
%% 
clc  
clear all 
%% 
%Input data 
rho=1.4012;% (g/ml) bulk density of sample Aachen=1.2651, UQB1=1.4012 
L=40;% (mm) Length of sample edge 
t=1; % Tortuosity 
p_face=1/4; % pore volume fraction in face cleat directio        
poro = csvread('uqb1130.csv'); % load file containing cleat width (um) and 
incremental intrusion (ml/g) 
stress=csvread('uqb1butt.csv'); 
expPerm=csvread('buttpermhelium.csv'); 
%% 
% calculating cleat count in face and butt cleat directions 
for jj=1:13% for various Knudsen number 
    poro = csvread('uqb1130.csv'); 
    poro=poro(1:jj+6,:); 
    jj 
     
v=L*L*L*0.001; % (ml) volume of sample, 0.001 convert mm^3 into ml 
M=rho*v;% (gm) mass of 40 mm cubic coal sample 
intru=poro(:,2)*M; % (ml) scaling incremental intrusion for 40 mm cubic coal 
sample= 
vt=poro(:,1)*0.001*L*L*0.001*t;% volume required to make thorough cleat in 40 mm 
cubic coal sample  
intru_face=p_face*intru; % (ml) incremental intrusion in face cleat direction 
  
c_face=intru_face./vt; % cleat count in face cleat direction 
  
width=poro(:,1); 
[m,n]=size(stress); 
x=0; 
for ii=1:m % to calculate permeability at different stress magnitude 
    cleatwidth=stress(ii,2:length(poro)+1); 
    x=x+1 
for kk=1:10000 % number or runs for monte carlo simulation 
  
cleats=cleat(width,c_face); 
% sum(c_face) 
% sum(sum(cleats(:,2:end))) 
% cleats(cleats<0.01)=0; % make the cleat contribution zero for those which have 
cleat contribution less than 0.01 
cleats1=[cleats; sum(cleats(:,1:end))]; %  just to see if the cleat count add 
upto 1 or not 
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% cleats(cleats<0.01)=0; % make the cleat contribution zero for those which have 
cleat contribution less than 0.01 
 cleats=[cleatwidth' cleats(:,2:end)]; 
avg_permeability(kk)=perm(cleats);%round(perm(cleats),2);% (md) rounding the 
permeability to 2 digits after decimel 
  
end 
  
ModePerm(ii)=mode(round(avg_permeability,15)); 
end 
permkudsen(:,jj)=ModePerm' 
end 
%main.m FINISH 
------------------------------------------------------------------------------------------------------------------------ 
% cleat.m START 
function [width_cleat]=cleat(width,c_face) 
  
n_face=fix(sum(c_face)); % number of cleats, FIX round DOWN sum(c_face) to 
nearist digit 
width_cleat=zeros(length(width),n_face); 
  
for i=1:n_face 
     
    iii=0;% this is to see how many times while loop progress 
    reuse=c_face; % this value is to use for while loop, it store the c_face 
orignal values incase (sum(width_cleat(:,i))~=1) 
    a=0;b=1; % giving range for random number from 0 to 1 
    b_random= randsample(width,length(width));   % selecting a random cleat 
width 
    b_random_rec(:,i)=b_random; 
    while (sum(width_cleat(:,i))~=1) 
        iii=iii+1; 
        if (iii>1) % this loop initilize the c_face value to orignal, if while 
loop condition not meet 
           c_face=reuse;     
           width_cleat(:,i)=0; 
           a=0.99; b=1; % increasing the random fraction range between 0.8 to 1. 
        end 
         
    ii=0; % initilization for b_random 
    fraction=0; 
%     b_random= randsample(width,length(width));   % selecting a random cleat 
width 
  
    
    for j=1:length(width) 
    ii=ii+1; 
[m,n]=find(width==b_random(ii));   % find the location of the randomly selected 
cleat width in the 'width' matrix 
random_fraction=a+(b-a)*rand(1,1);      % random fraction to multiply with cleat 
contribution (c_face) 
fraction=random_fraction*c_face(m,n); 
  
if fraction>1 
    if (sum(width_cleat(:,i))==0) 
        width_cleat(m,i)=1; 
        c_face(m,n)=c_face(m,n)-1; 
    elseif (sum(width_cleat(:,i))<1) 
        width_cleat(m,i)=1-sum(width_cleat(:,i)); 
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        c_face(m,n)=c_face(m,n)-width_cleat(m,i); 
         
    end 
     
end 
  
if fraction<1 
         
    if (sum(width_cleat(:,i))+fraction)<1 
        width_cleat(m,i)=fraction; 
        c_face(m,n)=c_face(m,n)-fraction;  
         
    elseif (sum(width_cleat(:,i))+fraction)>1 
        width_cleat(m,i)=1-sum(width_cleat(:,i)); 
        c_face(m,n)=c_face(m,n)-width_cleat(m,i);   
    end 
   
end 
  
    end 
     
    end 
  
  
     
end 
   
    width_cleat=[width width_cleat]; 
    % cleat.m FINISH 
  
 
------------------------------------------------------------------------------------------------------------------------ 
%perm.m START 
function[avg_perm]=perm(cleat) 
  
% clc  
% clear all 
%  
% cleat = csvread('cleats.csv'); 
  
%% 
%calculating the permeability of individual cleat width size based on the 
%matrix width 
cleat_width_perm=((cleat(:,1).*0.001).^3)./(12*40/(size(cleat,2)))/9.86923266715
999E-10; 
%% 
% calculating permeability of each cleat using harmonic average 
  
% The cleats having only only one cleat width will also be calculated using 
% the same harmonic average 
  
for i=1:size(cleat,2)-1  % loop to calculate harmonic permeability of each cleat 
  
    for j=1:size(cleat,1) % loop to calculate the denomenator 
         
        denomenator(j)=cleat(j,i+1)/cleat_width_perm(j); 
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    end  
    
  cleat_perm(i)=1/sum(denomenator); 
end 
% avg_perm=mean(cleat_perm); 
  
avg_perm=sum(cleat_perm)/(size(cleat,2)); 
%perm.m FINISH 
 
 
